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Preface 



IT HAS BEEN CLEAR FOR SOME TIME that within-individual conflict would be- 
come an important topic in evolutionary genetics. By logic, situations of 
conflict, in which natural selection acts in opposing directions simulta- 
neously, are likely to generate strong coadaptations on each side. At the 
level of individuals interacting within (or between) species, this conflict is 
seen to generate a wide range of behaviors and structures. Conflict within an 
individual might be expected to generate similar kinds of genetic complex- 
ity. Empirically it has become apparent that some categories of selfish ge- 
netic elements (e.g., transposable elements) are very widespread, if not uni- 
versal, and that other categories (e.g., B chromosomes, genomic imprinting) 
are important in a substantial minority of species. 

In the spirit of exploring this emerging world together, we embarked 
in the early 1990s on a book that would cover all aspects of selfish genetic 
elements, those stretches of DNA that spread in spite of being injurious to 
the individuals they occupy. We taught a course together on the subject at 
the University of California at Santa Cruz in 1992 and we have taught the 
material since then at Rutgers University and Imperial College London. 
Throughout the book we have been guided by two principles: we have tried 
to include all types of selfish elements in all species (except bacteria and vi- 
ruses) and we have tried to organize these examples logically by reference to 
the way in which natural selection acts on the selfish elements and, in turn, 
on the larger genomes they inhabit. 

vii 
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Selfish Genetic Elements 



THE GENES IN AN ORGANISM sometimes "disagree" over what should happen. 
That is, they appear to have opposing effects. In animals, for example, some 
genes may want (or act as if they want) a male to produce lots of healthy 
sperm, but other genes in the same male want half the sperm to be defective. 
Some genes in a female want her to nourish all her embryos; others want her 
to abort half of them. Some genes in a fetus want it to grow quickly, others 
slowly, and yet others at an intermediate level. Some genes want it to be- 
come a male, others a female— and the reason they want it to be a female is 
so that a quarter of her fertilized eggs will be defective! In plants too there 
can be internal conflicts. Some genes want a plant to make both pollen and 
seeds, others only seeds. Some genes want the plant to allow a particular 
pollen grain to fertilize an ovule, and others want to kill that pollen grain. 

And how should an organism manage its DNA? Some genes want to pro- 
tect chromosomes from damage, while others want to break them. Some 
genes want the organism to snip out bits of DNA and insert them elsewhere 
in the genome; other genes want to stop this from happening. Some genes 
want to activate a particular gene, and others want to silence it. Indeed, in 
the extreme case, some genes want to inactivate half of the genome, while 
the targeted half prefers to remain active. 

Some of these genes are known from only a few species, others from vir- 
tually all. In addition there are genes whose existence is predicted, but not 
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yet confirmed, such as genes in fathers to favor their sons versus genes to fa- 
vor their daughters. Or genes that want a female to judge her mate as more 
attractive than he really is versus genes that want the opposite effect. And 
so on. 

These conflicts arise because genes are able to spread in a population de- 
spite being harmful to the larger organism. Such genes give themselves a 
benefit but typically cause negative effects on other nonlinked genes in the 
same creature. In that sense, they are selfish. Indeed, we can define selfish 
genetic elements as stretches of DNA (genes, fragments of genes, noncoding 
DNA, portions of chromosomes, whole chromosomes, or sets of chromo- 
somes) that act narrowly to advance their own interests— in other words, rep- 
lication—at the expense of the larger organism. They, in turn, select for 
nonlinked genes that suppress their activity, and thereby mitigate the harm. 
That is, the evolution of selfish genetic elements inevitably leads to within- 
individual— or intragenomic— conflict. This occurs over evolutionary time, 
as genes at different locations within the genome are selected to have con- 
tradictory effects. It also occurs over developmental time as organisms expe- 
rience these conflicting effects. In this sense, we speak of "genes in conflict," 
that is, genes within a single body that are in conflict over the appropriate 
development or action to be taken. 

Genetic Cooperation and Conflict 

We mammals have some 30,000 genes that together make an astonishingly 
complex creature. Most of these genes are beneficial to us, that is, they make 
a positive contribution to survival and reproduction most of the time. This 
is no accident: most genes have spread in populations precisely because 
they increase organismal fitness. All the complex adaptations that organ- 
isms show for survival and reproduction— that distinguish living from non- 
living things, biology from chemistry and physics— exist because of natural 
selection; and for most genes, the selection of alternative alleles is based on 
how they contribute to organismal function. 

This cooperation arises in large part because most genes are transmitted 
from one generation to the next in a transparent, "fair" manner, with dip- 
loid individuals transmitting the 2 copies of each gene with equal likeli- 
hood, 50:50. Thus the gametes produced by an individual are usually a 
faithful reflection of the gametes from which it was derived, and the trans- 
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mission of genes from one generation to the next does not in itself lead to a 
change in gene frequencies. This genetic fairness is beneficial to the organ- 
ism (Crow 1979). It avoids the introduction of an arbitrary bias into the ge- 
nome, one that would warp gene frequencies away from what is optimal for 
phenotypic function. Ignoring mutation and random effects, gene frequen- 
cies will change only if individuals of different genetic constitution repro- 
duce to different degrees. This is conventional natural selection. Because 
different genes in the same organism are selected in the same direction (to 
increase survival and reproduction), they can evolve to cooperate in, say, 
the construction of an eye or leg. 

But some genes have discovered ways to spread and persist without con- 
tributing to organismal fitness. At times, this means encoding actions that 
are diametrically opposed to those of the majority of genes. As a conse- 
quence, most organisms are not completely harmonious wholes and the 
individual is, in fact, divisible. This book is about these alternative routes 
to genetic posterity, and the diverse array of adaptations and counteradapta- 
tions that such selection has produced. As we shall see, selfish genetic ele- 
ments are a universal feature of life, with pervasive effects on the genetic sys- 
tem and the larger phenotype, diversified into many different forms, with 
adaptations and counteradaptations on both sides, a truly subterranean 
world of sociogenetic interactions, usually hidden completely from sight. 

Three Ways to Achieve "Drive" 

Most selfish genetic elements act by somehow contriving to be transmitted 
to a disproportionate fraction of the organism's progeny. While most genes 
in a sexual organism are transmitted to the Mendelian 50% of progeny, 
these selfish genetic elements manage to get into 60%, or 99%, or 50.001%. 
Instead of being fair and transparent, the process of gene transmission in it- 
self leads to an increase in gene frequencies. Genes inherited in a biased 
manner can spread in a population without doing anything good for the or- 
ganism. Indeed, they can spread even if they are harmful. Such a gene is said 
to drive. 

So how does a length of DNA distort its own transmission? This book 
documents all the many answers to this question that have been discovered 
to date, at least in eukaryotic organisms (that is, we exclude bacteria and vi- 
ruses). Wherever the information is known, we describe the underlying mo- 
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lecular structures, biochemical capabilities, and mechanisms of action, both 
for their intrinsic interest and for what they reveal about the evolutionary 
processes that created the selfish elements. Here we sketch in broad outline 
the 3 main strategies that have evolved over and over again. 

1. Interference. This strategy is the most blatantly selfish: getting ahead by 
disrupting the transmission of the alternative allele. For example, a gene in a 
diploid organism might sabotage the 50% of the gametes to which it is not 
transmitted, thereby increasing its own success (Fig. 1.1). Or it might kill 
the 50% of offspring that do not carry a copy of it, thereby increasing sur- 
vival of the 50% that do. This is the most diverse class of selfish genetic ele- 
ments, and we shall see examples throughout the book (see Chaps. 2, 3, 5, 
and 10). They have been found on autosomes, sex chromosomes, and in 
organelles; and the targets of their action can be genes, chromosomal re- 
gions, whole chromosomes, or entire haploid sets of chromosomes. In the 
latter case, selfish genetic elements can radically alter the species' genetic 
system, changing rules of inheritance for major sections of the genome (see 
Chap. 10). Note that in all of these cases, a kind of "kinship" discrimination 
is being made, at least at a very local level. That is, the selfish element is able 
to direct behavior against others according to the chance it will be located in 
them. 

2. Overreplication. Other selfish genetic elements bias their transmission to 
the next generation by getting themselves replicated more often than other 
genes in the same organism (Fig. 1.2). In the nucleus, complex mechanisms 
have evolved to ensure that most genes are replicated exactly once per cell 
cycle, but various classes of selfish element manage to circumvent these 
mechanisms. Some encode their own DNA polymerase, which they use to 
make extra copies of themselves (off an RNA template); others cause chro- 
mosomes to break and then get themselves replicated as part of the repair 
process; and yet others literally jump across the DNA replication complex 
as the complex travels along a chromosome, and so get copied twice when 
normal host genes are getting copied once. This general strategy of overrep- 
lication is used by the most abundant class of selfish genes, the transposable 
elements, as well as other less well known types such as homing endonucle- 
ase genes and group II introns (see Chaps. 6 and 7). And outside the nu- 
cleus, where DNA replication is less strictly controlled, entire mitochon- 
drial and chloroplast genomes can replicate a variable number of times per 
cell cycle, and so can compete among each other to replicate faster and 
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Figure 1.1 Drive by killing the opposition. A killer gene (K) is able to kill non-K bear- 
ing sperm. This should benefit the K gene's chance of fertilizing an egg. 



faster in germinal tissue. Such selection may account in part for the small 
size of organelle genomes (see Chap. 5). Finally, genes can also increase in 
frequency within an organism by increasing the replication rate of the entire 
cell, if different cells are genetically distinct, thereby creating a selfish cell 
lineage (see Chap. 11). 

3. Gonotaxis. The third strategy of drive is to move preferentially toward 
the germline, and away from somatic cells, when presented with the choice 
(Fig. 1.3). For example, female meiosis in most species gives rise to 1 func- 
tional egg or ovule and 2 or 3 nonfunctional "polar bodies." This asymme- 
try presents an opportunity for a selfish gene: any gene that can preferen- 
tially segregate to the egg or ovule and avoid the polar bodies will thereby 
be transmitted to more than 50% of the gametes. Competition to be in- 
cluded in the egg and avoid the polar bodies has led to the evolution of 
"knobs" on the chromosomes of maize, which act as centromeres during 
meiosis and pull themselves along the spindle (see Chap. 8). Indirect evi- 
dence suggests that this same asymmetry has been a crucial factor in the 








Figure 1.2 Drive by overreplication. A. The A mitochondria replicate faster than the B 
mitochondria. B. A homing endonuclease gene (H) copies itself onto the paired chro- 
mosome, thereby doubling in number. C. A transposable element (T) makes a second 
copy of itself and one daughter cell inherits 1 copy while the other inherits 2 copies. In 
all cases, genes have given themselves an advantage by replicating themselves more of- 
ten than other genes in the cell. 
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Figure 1.3 Drive by gonotaxis. A B chromosome replicates itself and both copies move 
to the germline and avoid the somatic cell. 



Soma 



rapid evolution of centromeric sequences and associated proteins. In some 
groups it may also have determined whether chromosomes have 1 arm or 2. 
Many species of plants and animals have parasitic "B" chromosomes that 
also exploit this opportunity, as well as analogous opportunities at mitosis 
when one daughter cell is destined to stay in the germline and the other to 
differentiate into a somatic cell (see Chap. 9). And some transposable ele- 
ments are expressed in somatic cells from which they then invade nearby 
germline cells. 

Thus a selfish gene can increase in frequency by interfering with the repli- 
cation of the alternative allele, by itself replicating more often than normal, 
or by biased movement toward the germline. A gene using any one of these 
strategies is not increasing in frequency by increasing organismal quality; in- 
deed, because it usually imposes some cost on the host organism, it may at- 
tract the evolution of suppressors. Note that other types of genes may be 
transmitted to more than 50% of the progeny of a diploid heterozygote but 
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also help the organism. A gene expressed in pollen grains whose only effect 
is to make them grow faster toward the ovule would be transmitted to more 
than 50% of the progeny. But such a gene benefits the organism rather than 
harming it. It will not attract the evolution of suppressors, and we would 
not call it selfish. 

Within-Individual Kinship Conflicts 

Not all selfish genetic elements distort their own transmission. The other 
major route to selfishness is to distort how the organism behaves toward its 
relatives. It is well known that natural selection leads to organisms treating 
their relatives more favorably the more closely they are related, because 
closer relatedness means a higher probability that the relative carries copies 
of the organism's own genes. Crucially, this probability of sharing genes 
that are identical by descent may vary across the genome. As a consequence, 
the selection of genes affecting social behavior can also vary across the ge- 
nome. The best empirical evidence for such intragenomic kinship conflicts 
comes from work on the evolution of genomic imprinting (see Chap. 4). In 
mice and humans (and probably most mammals), there are perhaps 100 
genes in the fetus in which the maternally and paternally derived alleles are 
expressed at different levels (usually one allele is silent in some or all tis- 
sues). As expected from kinship considerations, genes in which the maternal 
allele is more highly expressed are likely to be growth suppressors (and 
therefore presumably reduce the burden of the fetus on the mother, who 
carries a copy of the gene), whereas genes in which the paternal allele is 
more active are more likely to be growth promoters (being less harmed by 
the costs of fetal demand on maternal fitness). 

Kinship relations may differ not only between maternally and paternally 
derived genes, but also between autosomes, X-chromosomes, Y-chromo- 
somes, and organelle genomes (Table 1.1). Sex-linked genes that distort the 
organism's social behavior have long been predicted, but have yet to be ac- 
tually demonstrated. Unimprinted autosomal genes are much more numer- 
ous than the other classes of genes, and so are expected to dominate, but 
this may require the constant evolution of genes suppressing the activity of 
genes in the other classes. Of course, organisms differ enormously in the 
importance of posthatching kinship interactions, and we would expect on 
these grounds for species with the most extensive lifetime kin interactions 
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Table 1.1 Degrees of relatedness (r) between a boy and his maternal half-sister (plus 
approximate number of protein-encoding genes available) as a function of 
location in the genome 



Location 


r 


No. of Genes 


mtDNA 


1 


13 


Y chromosome 


n 


70 


X chromosome 


Vi 


1000 


Autosome 






Unimprinted 


% 


30,000 


Mat. derived 


Vi 


lOO 3 


Pat. derived 





100 a 



'One allele per locus. 



to be the most internally conflicted. Humans come to mind as one such 
possibility (and ants as another). 

This conflict due to within-individual variation in relatedness to others is 
not entirely distinct from conflict over drive or transmission to the next 
generation. For example, a gene that is active in a mother may cause her to 
favor progeny that inherited a copy of the gene over those that did not. An 
extreme version of this preference is to kill the progeny without the gene so 
as to free up resources for those with it. Here it is mostly a matter of conve- 
nience whether we call this a conflict over gene transmission or a conflict 
over behavior toward relatives. Similarly, nuclear genes that kill gametes to 
which they were not transmitted, and mitochondrial genes that disrupt pol- 
len production (from which they are not transmitted), can be treated either 
as cases of drive or of kinship conflicts. 

Rates of Spread 

In the 1970s a strange genetic phenomenon was first reported in crosses be- 
tween strains of Drosophila melanogaster that were being maintained in the 
lab (Engels 1989). This included high frequencies of sterile progeny, high 
mutation rates, and recombination in males (which normally does not oc- 
cur in Drosophila). Subsequent research showed that this "hybrid dysgene- 
sis" occurred because some strains carried a genetic factor not found in the 
other strains; and if males with the so-called P factor were mated to females 
without it, the progeny had these abnormal properties. Moreover, a most in- 
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Table 1.2 The invasion of D. melanogaster by P elements 





No. 


Strains with Ps 1 


Year(s) Collected 


Total Number Examined 


1930-59 




0/8 


1960-64 




0/3 


1965-69 




6/14 


1970-74 




8/11 


1975-79 




17/17 


1980 




13/13 



Strains collected from France, Czechoslovakia, and USSR. From Anxolabehere et al. (1988). 

teresting fact emerged: The strains carrying the P factor had been collected 
from the wild relatively recently, whereas strains that had been collected de- 
cades previously lacked the P factor entirely (Table 1.2). Finally, a great deal 
of genetic detective work showed that the P factor was a transposable ele- 
ment that had spread worldwide through the D. melanogaster gene pool in 
the middle of the 20th century. It had been introduced (somehow) from the 
distantly related species D. willistoni (see Chap. 7). In other words, a selfish 
element arrived from outside the species during the 20th century and spread 
to fixation within it before the century was out. 

For most evolutionary phenomena, a timespan of several decades is very 
short. At the vast majority of loci in the D. melanogaster gene pool, there was 
probably only very modest change in gene frequencies over this period. The 
invasion and spread of P elements thus illustrates the quantitative power of 
non-Mendelian transmission ratios to produce dramatic increases in gene 
frequency in a very short time span. Quantitative modeling shows that this 
is an expected, general property of selfish elements (Fig. 1.4). Even if the de- 
viation from Mendelian inheritance is so small as to be undetectable in rou- 
tine surveys, it can still cause a gene to increase in a population from unde- 
tectable to nearly universal in a trivial amount of time. 

Drosophila melanogaster is unique in the extent to which geneticists have 
access to natural collections taken from all over the world for the better part 
of a century. For other species, we must usually infer change over time from 
the divergence of extant populations and species. The expectation is that 
when populations or species become isolated from each other, their selfish 
genetic elements and host suppressor genes may be among the first compo- 
nents of the genome to diverge. Consistent with this expectation, we review 
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Figure 1.4 Spread of a driving gene through a population for different levels of drive. 
Frequency of a driving gene is plotted as a function of generation number for different 
levels of drive (d), where dis defined as the fraction of gametes produced by heterozy- 
gotes that carry the selfish element (d = 0.5 for Mendelian inheritance). Calculations 
assume a panmictic host population; no harm to the organism; drive in both sexes; and 
a starting frequency of 10~ 6 . Note that for rates of drive that would be undetectable in 
most studies, the driver can still spread to fixation in an evolutionarily trivial amount of 
time. 



many examples of selfish gene activity in species hybrids. This evolutionary 
dynamism, still largely unexplored, is part of the appeal of selfish genetic 
elements. 



Effects on the Host Population 

To avoid one possible source of confusion, we emphasize that designating a 
gene as "selfish" does not necessarily imply anything about the effect of the 
gene on the host population, species, or clade. Indeed, it is entirely possible 
for a selfish gene that harms the host organism— and therefore attracts the 
evolution of suppressors— to be good for the host population. For example, 
the productivity of most populations depends much more on the number 
of females than the number of males, as long as there are enough males to 
fertilize the females. It follows that selfish genetic elements on sex chromo- 
somes or in mitochondrial genomes that spread by biasing sex ratios toward 
female function may actually increase population productivity (see Chaps. 
3 and 5). Though there is no direct evidence, it is plausible that populations 
infected with these selfish elements will be larger and persist for longer than 
equivalent uninfected populations. In addition, over longer evolutionary 
time spans, transposable elements may be important sources of mutational 
variability for the host, and it is possible (though as yet unproven) that some 
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lineages have benefited substantially from their activity (see Chap. 7). But 
regardless of these possible benefits to the host lineage, driving X chromo- 
somes, male-sterile mitochondria, and transposable elements are still harm- 
ful to the individual organism and will attract the evolution of suppressors. 
They are still, by definition, selfish genetic elements. 

Other classes of selfish genetic element seem more likely to put the host 
population at risk. Two such examples are driving Y chromosomes that bias 
sex ratios toward males and an unusual class of selfish genetic elements that, 
when transmitted through sperm or pollen, cause the loss of all maternally 
transmitted chromosomes in the zygote ("androgenesis"; see Chap. 10). In- 
terestingly, these 2 classes of selfish genes are relatively rare. One possi- 
ble explanation (among several) for their rarity is that they frequently cause 
extinction soon after arising. In addition, transposable elements are known 
to inflate genome size in plants, and in plants increasing genome size is 
strongly associated with increased risk of extinction (see Chap. 7). Thus ef- 
fects at the level of species or clade may affect the incidence of some selfish 
genetic elements. 

There is also a practical reason to be interested in the effects of various 
selfish genetic elements on population productivity. Despite much effort, 
many species harmful to humans are beyond current methods of control. 
Selfish genetic elements seem, in many ways, ideal tools for population con- 
trol, and our ever-more-detailed molecular understanding of how they work 
makes such control increasingly likely (see Chap. 6). 

The Study of Selfish Genetic Elements 

The history of the study of selfish genetic elements can be summarized in a 
few sentences. The existence of selfish genetic elements has been known 
since of the birth of genetics more than 100 years ago, but their selfish na- 
ture has been appreciated only more recently. What began as a trickle of in- 
formation is now a flood. The elements best studied— with some fortunate 
exceptions— are those found in the genetic model organisms (Drosophila, 
mice, maize, and yeast). And, finally, only recently has it become generally 
appreciated that selfish elements are widespread and that they have had im- 
portant coevolutionary effects on the larger genetic system. 

Table 1.3 provides a thumbnail sketch of the field through the early 
1990s, highlighting the first discovery of each class of selfish element and 
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Table 1.3 Selected milestones in the study of selfish genetic elements 



Year Scientist(s) 



Event 



1887 


Boveri 


1906 


Correns 


1906 


Wilson 


1926 


Metz 


1927 


Dobrovolska'ia- 




Zavadskai'a and 




Kobozieff 


1928 


Gershenson 


1941 


Lewis 


1942 


Rhoades 


1945 


Ostergren 


1952 


McClintock 



1955 Ephrussi, deMargerie- 

Hottinguer and Roman 

1957 Sandler and Novitski 

1959 Sandler, Hiraizumi 
and Sandler 

1961 Brown and Nelson-Rees 



1961 Schultz 



1964 


Brown 


1966 


Hickey and Craig 


1967 


Hamilton 


1972 


Hamilton 


1976 


Fredga et al. 


1977 


Bengtsson 


1977 


Lyttle 



1980 Doolittle and Sapienza; 
Orgel and Crick 



Discovery of chromatin diminution (in nematodes) 
Discovery of cytoplasmic male sterility (in Silene vulgaris) 
Discovery of B chromosomes (in bugs) 
Discovery of paternal genome loss (PGL; in Sciara) 
Discovery of t haplotype in mice through isolation of lab 
mutant (T) that revealed phenotype of; 

Discovery of driving X chromosome (SR in Drosophila 

obscura) and clear statement of potential threat to species 
Clear statement of cytoplasmic male sterility as an example 

of conflict between cytoplasmic and nuclear DNA 
Discovery of female meiotic drive (chromosomal knobs in 

maize) 
Clear statement of the parasitic nature of B chromosomes 
Discovery of transposable elements {Ac and Ds elements in 

maize) 
Discovery of overreplicating but defective mitochondria (in 

yeast) 
First review of meiotic drive as an evolutionary force 
Discovery of Segregation Distorter (SD), an autosomal killer 

on the second chromosome of Drosophila melanogaster 
Radiation experiments first show that it is the paternal 

chromosomes in male scale insects that are inactivated 

(and later eliminated), hence PGL 
Discovery of hybridogenetic reproduction (haploid 

genome from one species excludes that from another 

during gametogenesis; in topminnows) 
Clear statement that PGL can evolve by drive ("automatic 

frequency responses") 
Discovery of driving Y chromosome (in mosquitoes) and 

investigation into its potential use for population 

control 
In-depth treatment of sex chromosome drive, with special 

reference to population structure 
Clear statement of internal conflict based on differential 

relatedness 
Discovery of X*Y females (in lemmings) 
Clear statement that X* in lemmings drives 
Creation of a selfish element for population control 

(translocation of SD and Y chromosomes, in laboratory 

populations of Drosophila) 
Clear criticisms of the phenotype paradigm as being 

undercut by drive and inadequate to explain genome 

parameters such as prevalence of noncoding DNA, 

transposable elements, and genome size 
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Table 1.3 (continued) 



Year Scientist(s) 



Event 



1980 


Eberhard; Cosmides and 


-81 


Tooby 


1982 


Rubin and Spradling 


1982 


Jones and Rees 


1983 


Charlesworth and 




Charlesworth 


1984 


Lyon 


1986 


Colleaux et al. 


1988 


Nur et al. 


1989 


Haig and Westoby 


1990 


Daniels et al. 


1991 


Barlow et al.; DeChiara et 




al.; Haig and Graham 


1991 


Lyttle, Sandler, Prout and 




Perkins (eds.) 


1992 


Beeman, Friesen and 




Denell 


1992 


Tinti and Scali 


2002 


Craig et al. (eds.) 


2003 


Montchamp-Moreau and 




Atlan (eds.) 


2004 


Camacho (ed.) 



Clear statements of organelle/nuclear and organelle/ 

organelle conflict 
Transposable elements used to genetically engineer an 

animal (P elements and Drosophila) 
Comprehensive treatment of B chromosomes in all species 

(-1200) 
In-depth treatment of transposable element population 

biology 
Drive of t caused by multiple distorters acting on responder 

locus 
Characterization of a homing endonuclease (a> in yeast) 
Discovery of unusually destructive B chromosome that 

kills all the As with which it is transmitted 
First explanation of genomic imprinting in terms of 

kinship theory (in plants and mice) 
Discovery of horizontal transfer of a selfish element 

(P elements and Drosophila) 
Discovery of first two imprinted genes in mice (and their 

explanation in terms of kinship theory) 
Entire issue of The American Naturalist devoted to meiotic 

drive 
Discovery of maternal effect killers (in beetles) 

Discovery of androgenesis (in stick insects) 

Recent edited volume on transposable elements, 30 review 

chapters, > 1000 pages, thousands of references 
Entire issue of Genetica devoted to intragenomic conflict 

Special volume of Cytogenetics and Genome Research devoted 
toBs 



the first appreciation of its selfish nature. We have also noted some impor- 
tant conceptual advances, broad syntheses, and, more recently, the devo- 
tion of entire journal issues to the topic, signaling the degree to which 
selfish elements are now seen as a subject of significance. Advances in the 
1990s were so rapid and extensive that making a list of milestones after 1990 
would be an increasingly arbitrary task. 

The first selfish elements discovered were those that were easiest to ob- 
serve. The failure of a plant to produce pollen is easily detected, and mater- 
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nally inherited mutations with this effect (now called cytoplasmic male 
sterility, CMS) were first discovered in 1906, by Correns. Likewise, B chro- 
mosomes are easily seen under the microscope and they were first described 
in the same year, by Wilson. In both cases, ease of observation has led to 
them being described in hundreds (CMS) or thousands (Bs) of species since 
then. Other early discoveries were driving X chromosomes in Drosophila 
(due to some crosses producing almost all daughters) and the ^haplotype of 
mice (observable due to the happy accident of creating tailless mice in a par- 
ticular mutant background). More recently, degenerate PCR (polymerase 
chain reaction) primers and genome-sequencing projects are making trans- 
posable elements easy to detect, and information on their abundance is 
growing rapidly. 

Some selfish genetic elements have been intensively studied because of 
their practical importance or medical relevance. Cytoplasmic male sterile 
systems, for example, have proven valuable to crop breeders in producing 
hybrid seeds without the need to hand-emasculate plants that otherwise 
might self-fertilize. Early work on driving Y chromosomes in mosquitoes 
was motivated in part by their potential use in population control. And 
much work on transposable elements has been stimulated by the discovery 
that they can be used to genetically engineer Drosophila and other species. 
Transposable elements have also been well studied because our own ge- 
nomes contain 2 active families, which occasionally cause mutations and 
thus disease. In addition, some transposable elements are related to retro- 
viruses such as HIV and use similar methods of proliferation. Much research 
into genomic imprinting has also been motivated by its involvement in sev- 
eral genetic disorders in humans. In the dozen years since the discovery of 
the first 2 imprinted genes in mice in 1990, more than 60 such genes have 
been described in mice (and almost as many in humans). 

For much of the 20th century, conceptual advances in the field were 
only loosely correlated with the empirical discoveries. Perhaps the first dis- 
cussion of genes increasing in frequency purely because of biased trans- 
mission involved the driving X chromosome of Drosophila pseudoobscura 
(Gershenson 1928; Sturtevant and Dobzhansky 1936). Here the realization 
was coincident with the discovery of the phenomenon. But for many other 
selfish genes, decades have passed between first discovery and the realiza- 
tion that the gene can spread purely through a transmission advantage. Cy- 
toplasmic male sterility was discovered in 1906, but it was not until Lewis's 
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paper in 1941 that such mutations were clearly recognized to have a trans- 
mission advantage. B chromosomes were first described in 1906, but their 
parasitic nature was not clearly appreciated until Ostergren's far-seeing pa- 
per in 1945. Transposable elements were first described in 1952, but it was 
not until 1980 that papers appeared suggesting they were selfish. More re- 
cently, the interval between discovery and interpretation has shortened: For 
example, the first imprinted genes were discovered in mice in 1990, and 
their fit to kinship expectations noted only a year later. 

As the study of selfish genetic elements has matured, a specialized vocab- 
ulary has developed— though, as usual, much of the terminology came long 
after the central ideas were first conceived. The term "selfish gene" was first 
introduced as the title of a popular book by Dawkins (1976) to capture 
the increasingly gene-centered view of evolution that developed during the 
20th century; he used it to refer to all genes. But genes that affect other indi- 
viduals can be cooperative, altruistic, and even spiteful, while within indi- 
viduals most genes are cooperative. Thus, in the scientific literature "selfish 
gene" is now used almost exclusively to refer to the minority of genes that 
spread at a cost to the organism. To be more inclusive about the underlying 
molecular structure, which can range from a gene fragment to a complete 
chromosome, or set of chromosomes, we prefer the more general term 
"selfish genetic element" (Werren et al. 1988). Obviously, in using the term, 
no comment is being made on the morality of the DNA concerned. Other 
authors have used "outlaw gene" (Alexander and Borgia 1978), "ultrasel- 
fish gene" (Crow 1988) and "self-promoting genetic element" (Hurst et al. 
1996a) to denote virtually identical concepts, and long ago Ostergren (1945) 
referred to B chromosomes as "parasitic." 

Another key term is "drive," which we use to denote the greater-than- 
Mendelian ("super-Mendelian") transmission of a selfish genetic element. 
"Drag" is the opposite: less-than-Mendelian inheritance ("sub-Mendelian"). 
Sandler and Novitski (1957) first introduced the term "meiotic drive" to re- 
fer to increased transmission at female meiosis due to polar body avoid- 
ance; it is now used more broadly, and for those cases in which the phe- 
nomenon does not occur at meiosis, it is appropriate to shorten it to just 
"drive." "Transmission ratio distortion" and "segregation distortion" are also 
commonly used, but these consume more space while failing to indicate 
whether the effect is positive or negative. 
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Design of This Book 

The subject of selfish genetic elements has never been reviewed before in a 
book. It is now a very large subject, encompassing tens of thousands of sci- 
entific studies on thousands of species and touches every corner of genetics. 
Work on the various categories has largely proceeded independently, with 
rare review articles (for example, Werren et al. 1988; Hurst et al. 1996a; 
Hurst and Werren 2001) and some edited volumes {American Naturalist, 
Genetica). This book introduces the subject of selfish genetic elements in all 
its aspects: 

Molecular 

Cytogenetic 

Genetic 

Physiological 

Behavioral 

Comparative 

Populational 

Evolutionary 

It would be very nice if all these lines of evidence were available for a sin- 
gle selfish element, but they never are. Consider B chromosomes. Much is 
known about their cytogenetics and population biology, but very little is 
known about their genetics or molecular structure. By contrast, a great deal 
is known about the molecular structure and behavior of homing endonu- 
clease genes, but very little on their population biology or effects in nature. 

Considering the entire subject together permits us to concentrate on par- 
ticular elements in order to solve given problems. For example, it has long 
been appreciated that outbreeding and sexual reproduction are, in theory, 
congenial to the spread of driving elements. For most elements the evidence 
is weak or nonexistent; but for B chromosomes, a data set on some 250 spe- 
cies of flowering plants, characterized for breeding system and presence of 
Bs, can be used to demonstrate a strong positive association (see Chap. 9). 
This finding, in turn, can be linked with experimental work on homing 
endonuclease genes showing a similar correlation (see Chap. 6). 

In reviewing the entire subject, the evidence always seems to be just short 
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of what we need. Whether it is the molecular mechanism of the selfish ele- 
ment, the magnitude of its phenotypic cost (if any), the reasons for its par- 
ticular frequency, or its long-term evolutionary effects on the larger genetic 
system, the evidence available is often inadequate to answer even some of 
the most elementary questions. This partially reflects the degree to which 
this subject is only now cohering as a unitary whole, with its own logic and 
interconnected questions. We review the evidence in more detail than we 
can make sense of and we describe logic beyond what the evidence will ver- 
ify. Our aim is to strike a balance between what is known and what is not, 
the better to invite others to join in generating the missing logic and evi- 
dence. 

Throughout the book we emphasize evolutionary logic coupled to knowl- 
edge of the underlying mechanisms of the selfish elements, whenever possi- 
ble based on molecular evidence. For each kind of selfish element, we have 
been drawn to an interconnected set of questions, though for any given ele- 
ment many of the questions remain unanswered: 

How does it gain its selfish advantage? 

How did it arise? 

How long ago? 

What are its effects on the larger organism? 

How fast is it expected to spread? 

What is its frequency within a species? 

What determines this? 

Why is it found in some species and not others? 

What counteradaptations has it stimulated in the rest of the genome? 

What other effects has it had on the host lineage? 

Each chapter typically deals with a major category of selfish element, 
though chapters may combine more than one. Each chapter is designed to 
stand on its own, so you can easily skip ahead to a topic of particular inter- 
est. This approach is facilitated by the fact that the literatures on these ele- 
ments have often developed in isolation from each other. We try to draw at- 
tention to interconnections wherever possible, but the book can profitably 
be read in almost any order. The final chapter seeks to review the evidence 
topically for all elements with a special eye to the future. 
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Autosomal Killers 



WE BEGIN OUR ACCOUNT with a detailed treatment of one selfish element, the 
t haplotype in mice. It is a killer— or, at least, a disabler— more specifically, a 
gamete killer. It disables (kills function in) sperm not containing it and thus 
gains an advantage (drives) in single inseminations of females. The £has ex- 
isted for at least 3 million years. It has grown steadily in size since its origin 
to become more than 1% of the mouse genome. Its spread has generated ad- 
aptations on both sides, improvements in t action, as well as evolution of 
countermeasures by the rest of the genome. The t has been studied for the 
past 75 years and a great deal is known about it, although unfortunately on 
several key points the information is contradictory. 

At the same time, the t'\s only one of many examples of killers. Another 
well-studied case is Segregation Distorter in Drosophila, and there are others in 
both fungi and plants (Table 2.1). Killing can also act against offspring lack- 
ing the killer, as in maternal-effects killers. Genes can discriminate against 
pollen grains not containing copies, and so on. We shall also consider the 
opposite possibility, that a gene may give a benefit preferentially to those 
with a copy of itself. This is perhaps especially likely in intimate relations 
such as between mother and fetus. Many of these examples have been dis- 
covered only recently (since 1990) so that evidence on them is fragmentary; 
but by one way of looking at the matter, the majority of species may harbor 
at least one of the kinds of killers described here, while there must be many 
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Table 2.1 Gamete killers 



ANIMALS 
Mus 



Drosophila 



FUNGI 

Neurospom, 
Giberella, 
Podospom, 
Cochliobolus 



PLANTS 
Lycopersicon 



Lycopersicon X 



Nicotiana 



t haplotype In ^-heterozygous males, wildtype sperm are incapacitated 

and t sperm fertilize ca. 90% of eggs. Transmission is normal 
in females, tit homozygotes are invariably male sterile and 
often lethal in both sexes. Found in M. musculus s.l. (i. ssp. 
musculus, domesticus, castaneus, and bactrianus) at frequencies 
of about 5% (Lyon 1991, Ardlie and Silver 1996, 1998). 

Segregation In SD/ + heterozygous males, + sperm are incapacitated and 

Distorter SD sperm can fertilize 95-99% of eggs. Transmission is nor- 

mal in females. SD/SD homozygotes may or may not be 
viable and fertile. Found in D. melanogaster at frequencies of 
1-5% (Temin et al. 1991). 



Spore killers In Sk/+ heterozygous asci, + ascospores are killed and only 

Sk ascospores are viable. Sk/Sk homozygotes are normal. 
Some alleles are neutral, neither killing nor being killed. Mul- 
tiple Sk genes have been found in Neurospora (i. intermedia, 
sitophila, and celatd) and Podospora anserina, and 1 gene is 
known from each of Giberella fujikuroi (= Fusarium 
moniliforme) and Cochliobolus heterostrophus. Frequencies vary 
among species from <0.1% to 80% (Turner and Perkins 
1991, Raju 1994, van der Gaag et al. 2000). 



Gamete Ge is a locus in the proximal heterochromatin of chromo- 

eliminator some 4. In Ge p /Ge c heterozygotes, Ge c pollen and ovules are 

killed and Ge p is transmitted to >95% of viable pollen and 
>85% of viable ovules. Ge" is neutral. Found in L. esculentum 
and L. pimpinellifolium (Rick 1966, 1971). 

In L. esculentum X pimpinellifolium hybrids, X"" d "" um — bearing 
pollen are killed and X? im P indli f dmm is transmitted to about 95% 
of progeny. Transmission is normal through females (Bohn 
and Tucker 1940, Alexander 1973). 

Pollen killer In N. tabacum plants with a particular N. plumb aginifolia chro- 

mosome present as a supernumerary, pollen not containing 
the supernumerary is killed, and it is transmitted to ca. 95% 
of progeny. Transmission through females is about 15% due 
to loss of the supernumerary at meiosis (Cameron and Moav 
1957). 
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Table 2.1 (continued) 



Triticum 



Aegilops 



Oryza 



Agropyron I 
Lophopyrum 



Ki 



Cuckoo chro- 
mosomes, 
gametocidal 
chromosomes 



S1&S2 



Sd-1 



In T. aestivum vulgare var. Chinese Spring X var. Timstein hy- 
brids, pollen containing the Xi Tlmst<:m allele are killed and 
^■Chmcse Sprmg ; s transmitted to >90% of progeny. Transmis- 
sion is normal through ovules. Some other strains are neutral 
(Loegering and Sears 1963; see also Nyquist 1962). 

In Triticum aestivum plants with particular chromosomes from 
particular Aegilops species, either as substitutions or as addi- 
tions (= supernumeraries), pollen and ovules not containing 
the Aegilops chromosome are killed by many chromosome 
breaks and the Aegilops chromosome is transmitted to 98- 
100% of progeny through both pollen and ovules. Possibly 
due to derepression of transposable elements (Finch et al. 
1984, Endo 1990, Nasuda et al. 1998, Friebe et al. 2003). 

O. glabberima appears to be fixed for a pollen killer gene Si 
(linkage group 1, chromosome 6), which acts upon the 
homolog found in O. sativa. Depending upon the genetic 
background, Si can also kill ovules. Recombination is sup- 
pressed near Si in the hybrid, perhaps indicating an inver- 
sion. Another locus on the 8th linkage group acts as a pollen 
killer. Finally, O. sativa appears to be fixed for a pollen killer 
at a different locus, S2, which kills pollen carrying the 
homolog from O. glabberima. The result is a high degree of 
hybrid sterility (Sano et al. 1979, Sano 1983, Sano 1990). 

A segregation distorter factor Sd-1 on chromosome 7 of A. 
(=L.) elongatum and L.ponticum kills ovules without it, in a 
wheat background (Dvorak 1980, Scoles and Kibirge- 
Sebunya 1982, Dvorak and Appels 1986). 



other kinds of killers undiscovered in the species we do cover. We concen- 
trate here on how each element gains its selfish benefit and on the conse- 
quences of its spread— for itself and for the larger genome. 



The t Haplotype 

The t haplotype in mice is a variant form of chromosome 17 that shows 
drive in males but is transmitted normally through females (Fig. 2.1). That 
is, in single matings by males it is transmitted to more than one-half of off- 
spring—in fact, to about 90% (reviewed in Silver 1993, Lyon 2003; see also 
Ardlie and Silver 1996). This effect was first thought to be caused by a single 
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> f 



> f 



90% 
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Offspring 
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Figure 2.1 Drive of the t haplotype in male mice. A male mouse heterozygous on his 
17th chromosome for a t haplotype transmits the tto 90% of offspring. By contrast, / 
transmission is normal (50%) in female heterozygotes. 



gene, hence the original term "t allele." The allele was believed to give supe- 
riority in swimming ability to ^-bearing sperm. Later, it was imagined that in 
the face of strong drive, a simple form of group selection acted to keep t 
numbers low. 

We now know that all of these notions are false. Far from being a single 
gene, the £ haplotype spans more than one-third of chromosome 17. It gives 
its own sperm no special abilities but acts spitefully to damage sperm not 
containing itself, thereby gaining an advantage when thrown into competi- 
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tion with them. Finally, its numbers in nature are far too low to generate sit- 
uations in which group selection is likely. Instead, t numbers are probably 
held in check in part by social forces (such as multiple mating and inbreed- 
ing) and by degenerative effects (for example, as caused by its very limited 
ability to recombine). 

We begin with a detailed description of the t itself. How was it discov- 
ered? What does it consist of? How does such a long stretch of DNA inherit 
as a single unit? How does it act destructively to achieve drive, and how is it 
protected against its own destructiveness? What is the evolutionary history 
and current distribution of the t? What are the forces unleashed on itself— 
and on the larger organism— by its spread? And what exactly determines its 
numbers in nature? 



Discovery 

The t was discovered in the 1920s when a new mutation happened to be iso- 
lated in the laboratory that revealed whether a mouse was carrying a t 
(Dobrovolskaia-Zavadskaia and Kobozieff 1927). Called T, for Tail-factor, 
the mutant caused a normal non-^ mouse (+/+) to develop a small tail, but 
caused a +/t heterozygous mouse to develop without any tail at all. If the 
tailless mouse was a male, he propagated his t chromosome to more than 
half his progeny— that is, the £ showed drive. 

A couple of features of this story are noteworthy. Just like the t, most 
selfish elements have little effect on the external phenotype. This in itself is 
an important observation. It suggests selection on both the element and the 
larger genome to reduce the negative effects at the individual (phenotypic) 
level. Because selfish elements are so often without obvious phenotypic ef- 
fects, they are also usually uncovered only through careful genetic work in 
the laboratory and are, therefore, known preferentially from genetically 
well-studied species, such as the mouse. Indeed, as we shall see, 3 other pos- 
sible killers (maternal effect) are also known from the mouse, not to men- 
tion a host of other selfish genetic elements. 

The system had another feature that turned out to be useful in lab propa- 
gation. T/T individuals are embryonic lethals, as are tit individuals (here the 
T mutant is on the + chromosome). Thus, breeding Tit mice with each 
other generated only more T/^mice, because both of the homozygotes per- 
ish. This is called a balanced lethal stock and permits a particular gene or 
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haplotype to be maintained indefinitely, with little effort (though selection 
may continue to operate in the lab). Nevertheless, the absence of pheno- 
typic effects meant that for decades an individual collected from nature 
could only be scored for the presence of t by breeding it to one of these 
tester stocks. Biases and errors in ascertainment were almost inevitable. 
Only recently could mice be scored by snipping a piece of the tail and 
searching for ^-specific DNA (Schimenti and Hammer 1990, Ardlie 1995). 
Despite the difficulty in recognizing t mice, an enormous amount of work 
has been done on the t, almost all of it in the lab, with many interesting 
findings. 

Structure of the £ Haplotype 

The t is about 1.2% of the entire mouse genome. Located near the centro- 
mere, it is 30-40Mb long and has scores, if not hundreds, of genes. (On 
the basis of length alone, it is expected to have more than 300 genes.) The 
t inherits as a single unit because it is almost completely covered by 4 
nonoverlapping inversions that act to prevent recombination between the 
; and wildtype chromosomes (Fig. 2.2). They reduce recombination from 
an expected value of 20% to an actual value of about 0.1%. As we shall see 
in detail, their primary function is to lock together a series of distorting 
genes (each of which increases the rate of transmission) with a responder- 
insensitive allele that provides protection from the disabling effects of the 
distorters. Each of the 3 known drivers is located in a different inversion, 
and the responder-insensitive allele is located very close to the inversion 
that arose first. 

Most t haplotypes carry 1 recessive embryonic lethal (and only 1) such 
that an individual homozygous for that t perishes in utero. Indeed, a t haplo- 
type is characterized by the lethal it carries, and 16 complementing t hap- 
lotypes have been described in which complementing haplotypes have dif- 
ferent recessive lethals, x and y, so that t x /t y individuals survive (Klein et al. 
1984). But such males are invariably sterile. Females are fertile but have low 
fecundity, at least in the lab. When the t was thought to be a single locus, 
the existence of a series of lethals acting at different stages of embryonic life 
suggested that the t might be a master-control locus for early mouse devel- 
opment (and funding was sought on this basis). 

The long-term consequences of linkage are presumably negative. The 
spread of the t complex is forcing one-third of chromosome 17 to inherit as 
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Figure 2.2 / haplotype and wildtype (+) forms of chromosome 17 in the mouse. The 4 
inversions that define the t region are shown, along with the driving genes discovered to 
date (D1-D3) and the responder (R). Asterisks denote ^-associated lethals. Adapted from 
Silver (1993) and Lyon (2000). 



a single asexual unit (recombination is possible between t's in fV ^females, 
but their numbers are few and fecundity low). We will discuss whether this 
high degree of linkage explains the frequency of lethals later; but, in general, 
selfish genetic elements almost invariably set in place forces that cause their 
own deterioration. This can come in a variety of ways, but the t haplotype il- 
lustrates one: increasing linkage (e.g., via inversions) provides a way for the 
selfish element to grow but robs the now-linked DNA of the benefits of re- 
combination. 

The evolutionary growth of the t has other implications. More loci be- 
come available to mutate in both advantageous and disadvantageous ways. 
Greater size means that a higher frequency of t's will contain lethals each 
generation and there will be a greater chance that any given one may be ran- 
domly associated with a new driving haplotype and thus may be carried to 
high frequency. There are more loci available for beneficial effects, more 
places to appear that give greater drive, more targets for hostile action, and 
so on. 



History and Distribution 

The two major inversions of the t have been dated and these reveal an an- 
cient origin. Comparing the degree of sequence divergence between DNA 
within each of these inversions and the comparable wildtype sequences sug- 
gests that the proximal inversion arose about 3 million years ago (mya), and 
the distal one about 1.5mya (Hammer and Silver 1993). If the inversions 
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were selected to prevent recombination between killer and nonkiller chro- 
mosomes, the killer genotype must have arisen more than 3mya and within 
the proximal inversion. Note that the responder-insensitive allele is located 
very close to the proximal inversion (though not within it) so that this first 
inversion could have tightly linked a distorter allele with a responder-insen- 
sitive one. Because there has been time for substantial coevolution between 
the t and the rest of the genome, complex coadaptations are likely for £-bear- 
ing individuals and those interacting with them. 

Currently, t complexes are found in all 4 subspecies of Mus musculus: 
musculus, domesticus, castaneus, and bactrianus. These latter are thought to 
have diverged from each other about 0.5-lmya. However, the t complexes 
found within them are exceedingly similar, and their most recent common 
ancestor is thought to have existed perhaps O.lmya (Morita et al. 1992, 
Hammer and Silver 1993). This indicates that a ^-complex variant has re- 
cently spread across subspecies boundaries, perhaps due to some beneficial 
mutation that has swept through the 4 subspecies. 

Genetics of Drive 

A key part of the ^haplotype is the responder-insensitive allele Tcr that gives 
protection from the distorting effects of the drivers (Fig. 2.2). It is a novel 
protein-coding gene formed by the fusion of the front part of a Smok (sperm 
motility kinase) gene and the back part of an Rsk3 (ribosome S6 kinase 3) 
gene (Herrmann et al. 1999); the resultant protein is 484 amino acids long. 
Transcription of this gene only occurs late in spermatogenesis, while the 
spermatids are elongating but still connected by cytoplasmic bridges allow- 
ing the passage of soluble components. Despite these cytoplasmic bridges, 
Tcr shows haploid-specific expression, that is, only sperm carrying it are res- 
cued from the killing. The reason for this is not yet known, but one possibil- 
ity is that the mRNA is compartmentalized and the protein quickly be- 
comes associated with a membrane, perhaps even as it is being synthesized, 
as has been shown for other loci with haploid-specific expression (Zheng et 
al. 2001). An unusual feature of Tcr is that alone, in the absence of any driv- 
ers, it shows drag (—20% transmission) opposite a wildtype chromosome 
(Lyon 1991). 

In addition to Tcr, there are 3 or more distorter loci that combine addi- 
tively to cause Tcr to drive (Lyon 1991). These have yet to be unambiguously 
identified. Curiously, for at least 1 of the distorter loci, a chromosomal dele- 
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tion behaves like the t allele, suggesting that the latter is itself a knockout 
(Lyon 1992, Lyon et al. 2000, Planchart et al. 2000). If so, this rules out per- 
haps the most obvious possible mechanism for drive, in which the drivers 
produce some toxin that is distributed to all sperm and the Tcr allele pro- 
duces some antidote that remains associated with the sperm carrying it. Per- 
haps instead the distorter loci are members of a multigene family making 
partially or fully redundant products, of which the amounts produced are 
critical. Knockouts of these genes progressively impair sperm function, but 
Tcr rescues the knockouts in a haploid-specific manner, perhaps by making 
something similar itself. That is, the t complex may be failing to make an 
important protein at a time or in a form that is shared among meiotic prod- 
ucts, but it makes a private supply only for itself. However, this "stash" is 
not sufficient by itself— perhaps it comes too late— and hence ^homozygotes 
are sterile. Too much of the product is also harmful— hence the drag of Tcr in 
a wildtype background. Alternative mechanisms are suggested by Herrmann 
etal. (1999). 

Whatever the molecular mechanism, the net result is sperm dysfunction. 
t heterozygotes produce and ejaculate equal numbers of the two types of 
sperm, but the + -bearing sperm are dysfunctional, probably due to a variety 
of mechanisms including motility defects (Olds-Clarke and Johnson 1993, 
Olds-Clarke 1997) and in some cases possibly a premature acrosome reac- 
tion, such that sperm reaching the egg no longer have the chemicals needed 
to dissolve its membrane (Brown et al. 1989, Mittal et al. 1989). There are 
hints that the degree of dysfunction depends on features of the female re- 
productive tract. For example, fertilization in vitro results in a normal trans- 
mission ratio (McGrath and Hillman 1980). Moreover, if copulation is ex- 
perimentally delayed to occur just prior to ovulation (rather then being 
allowed to occur, as is normal, about 6 hours prior), then the rate of drive 
decreases substantially (Braden 1958). The sabotage must occur during sper- 
miogenesis, as sperm from wildtype males is fully functional when mixed 
with sperm from ^-heterozygous males prior to artificial insemination (Olds- 
Clarke and Peitz 1986). 

Importance of Mating System and Gamete Competition 

The strategy adopted by the t is one of spite: getting ahead by killing the 
competition. How effective the strategy is depends on the extent to which 
the benefits of killing accrue to the killers themselves, and not to the popu- 
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lation as a whole. This in turn depends on the lifecycle and mating system 
of the host species (Hartl 1972). For example, in a completely monogamous 
rodent, the only sperm competition is between the sperm of a single male, 
and, in the ideal situation, any eggs not fertilized by wildtype sperm will be 
fertilized by killer sperm from that same male. In such a case, there is com- 
plete compensation for the killed sperm, the heterozygous male suffers no 
loss in fertility, all the benefits of killing accrue to the killers, and the 
strength of selection for the killer is maximized. But house mice are not 
completely monogamous: in a survey of 179 pregnant females from wild 
populations, 10 wildtype females were found to have mated with a ^-hetero- 
zygous male; and of these, 3 had also mated with another male (Ardlie and 
Silver 1996). Though the numbers are small, they suggest multiple paternity 
is not a rare occurrence (~30°/o). Thus, some of the benefits of killing 
wildtype sperm are shared with sperm from a different male that do not 
carry t (and this sharing is even greater if the ^-bearing sperm show any dam- 
age from the action of their distorters). The return benefits of killing are pre- 
sumably even less for pollen killers, and lower still for spore killers, because 
spores from a single fungus are not usually in competition to fertilize. 

Fate of Resistant Alleles 

The degree to which the benefits of reduced competition accrue only to 
killer alleles is also important for the fate of resistant alleles that neither kill 
nor are killed. Such alleles have been observed for a number of gamete killer 
systems (Table 2.1), and have been recovered in the lab for the t complex. 
Even if they do not preexist when the killer first arises, we would expect re- 
sistant alleles to arise in all killer systems as degenerate forms of the killer 
that have one of the phenotypes but have lost the other. If the host organ- 
ism compensates completely for the lost gametes and all the benefits of kill- 
ing accrue to the killer itself, then resistant alleles would be selectively neu- 
tral and, if rare, could be lost by drift. But if the benefits of killing were 
shared more widely, resistant alleles would also benefit and would increase 
in frequency along with the killer. If the sensitive allele eventually disap- 
pears, killing would no longer be observed, and there would be a cryptic 
polymorphism of killer and resistant alleles. If the killer allele has additional 
costs for the host (for example, reducing fertility when homozygous), a re- 
sistant allele that is otherwise normal would increase in frequency and go to 
fixation, driving the killer to extinction. 
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It is essential, then, for the long-term persistence of a killer that there not 
be resistant alleles that are "otherwise normal," and the higher the cost of 
resistance, the better for the long-term fate of the killer. As noted earlier, 
alleles resistant to the t complex that have arisen in the lab by recombina- 
tion (i.e., that carry Tcr but none of the drivers) show very low transmission 
rates in males when paired with wildtype chromosomes (Lyon 1984, 1991). 
Whatever the mechanistic basis for this, it presumably explains the low fre- 
quency of resistant alleles in natural populations and thus has probably 
contributed to the long-term persistence of the t complex in mouse popula- 
tions. Note too that because resistant chromosomes are rare in the popula- 
tion, selection on unlinked genes to ameliorate the drag is weak. 

Selection for Inversions 

Inversions block recombination and, to understand their spread on the t 
haplotype, we must first consider the effects of recombination on killer sys- 
tems. In the t (and other systems), drive is not due to a single locus, but 
rather to an interaction between at least 2 loci (killer and resistant). The 
killer complex will only become established in the population if its increase 
in frequency due to drive outweighs the loss in frequency due to recombi- 
nation with wildtype chromosomes. This will act as a selective filter on the 
establishment of killer complexes. If the killer is too far away from the resis- 
tant allele, it will not be able to spread through a population. Mathematical 
modeling shows that in species with approximately equal recombination in 
the two sexes, the rate of recombination between killer and resistant must be 
less than 1/3 in order for the killer to spread (Charlesworth and Hartl 1978). 
These results are for the situation most favorable to the killer (resistance 
rare; no effect on host fitness), and in other cases the conditions on linkage 
are more restrictive. Thus, tight linkage facilitates the spread of a killer. This 
is presumably an important constraint on the evolution of 2-locus killers, 
with recombination creating an important "sieve" for the evolution of killer 
complexes (Charlesworth and Hartl 1978). Indeed, this presumably explains 
why most known killers are near a centromere, where recombination is of- 
ten reduced [t, SD, Sk-2 K , Sk-3 K , Ge?; see Table 2.1). 

Once a 2-locus killer system becomes established in a population, the fre- 
quency of recombination between killer and target may itself evolve. If both 
killer-insensitive {K, ins) and wildtype-sensitive (+, sen) chromosomes are 
present in a population, recombination between them will produce killer- 
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sensitive "suicide" chromosomes. The production of such chromosomes 
will select for reduced recombination between killer and target. If an inver- 
sion arises on either chromosome that prevents recombination between the 
two, the inversion can go to fixation (among that chromosome type). More- 
over, there is a pleasant symmetry about which chromosome will evolve the 
inversion (Charlesworth and Hartl 1978). The selection coefficient for an in- 
version on a killer-resistant chromosome is proportional to the frequency of 
the wildtype-sensitive chromosome, and vice versa. Thus if (+, sen) chromo- 
somes are, say, 10 times more frequent than (K, ins) chromosomes, an inver- 
sion is 10 times more likely to arise on a (+, sen) chromosome, but the selec- 
tion coefficient will be one-tenth of that for a (K, ins) inversion. Because the 
probability that a beneficial mutation will be established is proportional to 
its selection coefficient, these differences cancel out, and the overall proba- 
bility of an inversion being established is the same for the 2 chromosomes. 
In the case of the t haplotype, 3 inversions arose on the driving chromo- 
some and 1 on the wildtype chromosome. 

This selection for reduced recombination applies only to modifiers of re- 
combination that are closely linked to the killer and target loci (of which in- 
versions are a special case). For modifiers of recombination that are dis- 
tantly linked to the killer complex, or on another chromosome, there will be 
selection for increased recombination, to break it up. Indeed, using a 3- 
locus model, Haig and Grafen (1991) argue that the breaking up of incipient 
killer systems is an important function of recombination, in the sense of se- 
lecting for observed levels of recombination. They do not, however, quan- 
tify the strength of selection for such modifiers for reasonable rates of origin 
of gametic killers. Nevertheless, the modeling does demonstrate that there is 
a conflict of interest over recombination, with linked genes selected to have 
less recombination and unlinked genes selected to have more. This conflict 
seems relatively easy for the linked genes to "win," just by having an inver- 
sion, for then even unlinked genes will not be selected to force recombina- 
tion, as that would cause aneuploidy (either more than 2 copies of a gene at 
a given locus or fewer). 



Recessive Lethals in ; Complexes 

Though inversions can be selected for because they bind together genes di- 
rectly involved in the killing phenotype, as a side effect they also bind to- 
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gether many other genes that are wholly unrelated to killing. The resulting 
absence of recombination is expected to have the long-term effect of reduc- 
ing the efficacy of natural selection on these genes, which may therefore de- 
generate over time (due to the accumulation of deleterious mutations and 
the failure to keep up with a changing environment). A reduced efficacy of 
selection may explain the high frequency of recessive lethal mutations in t 
complexes. As noted earlier, most £ complexes recovered from natural popu- 
lations contain a recessive lethal, though different haplotypes may have dif- 
ferent lethals, and a total of 16 different recessive lethal mutations have 
been recovered from t complexes worldwide (Klein et al. 1984). 

These lethals may be positively selected, either by group selection (be- 
cause lethals are less likely to lead to population extinction than steriles; 
Dunn and Levine 1961), or by kin selection (because early death of homo- 
zygous offspring saves mothers from investing in sterile males; Charles- 
worth 1994). The conditions that allow group selection to have a strong ef- 
fect on t frequencies do not seem to be satisfied in nature (Durand et al. 
1997), but the effects of kin benefit are less clear. Charlesworth's (1994) 
model shows that there must be a high level of compensation (such that a 
lethal embryo is replaced by 85% of a new one) and near-complete sterility 
for a t lethal to invade and displace a nonlethal t. It is easy to see why: 
lethals strike both sons and daughters, but only sons are sterile. Even then 
the selection pressure is very weak (~0.1°/o) and a polymorphism results that 
invites the invasion of a new lethal, and so on (see also van Boven and 
Weissing 1999, 2001). But in Charlesworth's model, the homozygous t fe- 
male is given normal fitness because she is not sterile, while her actual repro- 
ductive success is probably much lower, so that compensation is more likely 
to be beneficial. 

Lethals differ greatly in their time of action during embryonic life and, 
therefore, the cost they impose on the mother (Bennett 1975). For exam- 
ple, r 5 acts in the blastocyst stage, before implantation, while t wlz acts late 
in gestation. By pairing heterozygotes with either the same t or comple- 
menting t's, laboratory studies suggest that there is a 35% reduction in litter 
size when the t with a costly lethal mates with itself instead of with a com- 
plementing t male, but only a 5% reduction for the inexpensive lethal 
(Lenington et al. 1994). The best evidence comes from nature and shows 
that matings between heterozygotes with the same lethal produce litters that 
are about 30% smaller than matings between mice with complementing 



GENES IN CONFLICT 



40 



30 



? 20 

B 

3 

Z io 



+/+ X +/+ 



+/; x +/; 
Complementing t's 



1 +/7 X +/t 

Noncomplementing t's 



A m J ^ I. 



12 3 4 5 6 7 



Litter size 



9 10 11 12 13 



Figure 2.3 The relative proportion of different-sized litters produced by 3 crosses. 
Dotted line: cross between (mostly) wildtype mice. Black bars: cross between +// indi- 
viduals in which the ^ is complementing. White bars: cross between +//mice in which 
the t is noncomplementing. Note that litters from noncomplementing f s show a sharp 
reduction in size. Adapted from Ardlie (1995) 



lethals (Fig. 2.3). Also, females prefer to mate with males having a comple- 
menting t haplotype, suggesting no net gain from the lethals (Coopersmith 
and Lenington 1990). As expected, the mating preference of females is 
stronger against the costlier lethal but is still expressed against the early-act- 
ing one (Lenington et al. 1994). In North America, the t with the highest fre- 
quency (of 3) is t w5 , which has the earliest-acting lethal (Bennett 1975); but 
in Europe, lethals seem to be clumped by geographic region and are in 
some places absent from fs, without any known pattern reflecting stage of 
action (Klein et al. 1984). It is noteworthy that, in nature, the highest fre- 
quencies of ^haplotypes are seen in populations with semilethal or comple- 
menting t haplotypes, which generate functional tit females (Ardlie and Sil- 
ver 1996). 

Thus it is unclear at this time whether lethals have been positively se- 
lected in mice. The kin effect— along with the low frequency of t's— certainly 
lowers selection against recessive lethals, and the earlier acting the lethal is, 
the stronger the corresponding effect. 



32 



Autosomal Killers 



Enhancers and Suppressors 

Intragenomic conflict is expected over the intensity of killing itself (Eshel 
1985, Crow 1991). Alleles on killer chromosomes are selected to enhance 
the killing (because the killing favors their own drive), while alleles on the 
homologous wildtype chromosome are strongly selected to suppress the 
killing (so they do not suffer drag). Thus, if mutations affecting the extent of 
drive arise at loci linked to the killer, we would expect the enhancing allele 
to be found disproportionately on the killer chromosome and the suppress- 
ing allele on the wildtype chromosome. As before, this situation selects for 
inversions that reduce the frequency of recombination between the killer 
and the modifier. Thus, killer complexes can be expected to expand along a 
chromosome over evolutionary time. 

Suppressors of killing can be expected to evolve not only on the target 
chromosome but also on nonhomologous chromosomes, the latter being 
selected (more weakly than the former) to ameliorate any negative effects of 
the killing on fertility and to reduce the probability of being cotransmitted 
with a killer. Suppressors of the t complex have evolved in balanced lethal 
laboratory populations, both on the homologous chromosome and on the 
other chromosomes, reducing drive from 90-95% to 65-70%, or even lower 
(Bennett et al. 1983, Gummere et al. 1986). Curiously, such suppressors ap- 
pear to be rare in natural populations (Ardlie and Silver 1996). 

Not all the coevolution between t complexes and the rest of the genome 
need be antagonistic. For example, both parties may be selected to compen- 
sate for the reduced quality of sperm produced by ^-heterozygous males. 
This may explain the tendency of t males to suppress the reproduction of 
+/+ males in seminatural groups (Franks and Lenington 1986). We would 
also predict compensatory increases in sperm production in ^-heterozygous 
males. 

t and the Major Histocompatability Complex 

One of the loci tied up in the distal inversion of the t complex is the major 
histocompatability complex (MHC). This is a series of tightly linked genes 
that are involved in the immune response and that also affect kin and self- 
recognition, as well as mate choice. They are highly polymorphic. Some loci 
have more than 100 alleles and all mice are typically heterozygous at these 
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loci (Nadeau et al. 1988). t haplotypes show a striking reduction in their 
MHC diversity, with very few MHC haplotypes, all of them unique to t's 
(Shin et al. 1982, Silver 1982, Nizetic et al. 1984). Indeed, in 2 separate 
global samples, of 13 and 20 different t haplotypes, only 5 and 4 different 
MHC haplotypes were found, while wildtype MHCs are essentially never 
expected to be identical (Hammerberg and Klein 1975, Sturm et al. 1982). 
This reduced diversity presumably reflects the fact that the distal inversion 
linking the MHC to the killer arose only once. This linkage with the MHC 
is probably unfortunate from the t's perspective. The highly polymorphic 
nature of the MHC on wildtype chromosomes indicates strong selection for 
rare alleles, yet the t complex is stuck with a limited diversity, and so will suf- 
fer selection against their MHC types as t's become common in a popula- 
tion. (On the other hand, for t the most important matings are between a 
^-heterozygous male and a wildtype female; and having a different MHC al- 
lele than is found in the female may ensure that the male is never discrimi- 
nated against and, in small inbred populations, he may even be positively 
preferred.) 

Linkage with the MHC could also explain some results of mate choice 
experiments, in which ^-heterozygous females were observed to prefer to 
mate with males carrying a different t allele over males carrying the same t 
allele (Lenington et al. 1994). ^-heterozygous females also prefer wildtype 
males over ^-heterozygous males— a choice that may also be controlled by 
the MHC (but see Lenington et al. 1992). Wildtype females have no obvi- 
ous preferences for or against ^-heterozygous males (Lenington et al. 1992; 
Williams and Lenington 1993). 

Heterozygous (+/t) Fitness Effects: Sex Antagonistic? 

The t haplotype (like many selfish elements) shows drive through one sex 
only. This has a very interesting consequence. Because t genes that benefit a 
+ /t male's survival or reproduction will find these effects nearly doubled by 
drive, they will be more strongly selected there than similar genes in fe- 
males. Put another way, a sex-antagonistic gene that gives a +/£male a 10% 
gain in fitness will be positively selected even if it is associated with a 15% 
decline in +/t female fitness. Sex-biased drive causes a new category of sex- 
antagonistic genes to be favored, namely, those whose net effect is negative 
but not so negative as to outweigh the gains in drive. 
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Early effects are not expected to be sex biased (Rice and Chippindale 
2001), nor are they found to be: in nature t males and females survive 
equally well into adulthood (Ardlie and Silver 1998, Huang et al. 2001). In 
adulthood, +/t mice are more asymmetrical (= fluctuating asymmetry) 
than are pure wildtype (Leamy et al. 2001)— a trait often associated with 
lower phenotypic quality and reproductive success— but when mice are sep- 
arated by sex, only females are more asymmetrical (L. Leamy, personal com- 
munication). It has long been noted that female t mice seem less fit in the 
lab than t males. +/t females produce 30% fewer nestlings in the lab than 
do +/+ females (Johnson and Brown 1969), while +/t males show greater 
fitness than do +/+ males (Dunn et al. 1958). 

Early measures of dominance relied on attack latency and attack fre- 
quency in staged encounters between males, and in this situation +/t males 
are more aggressive than +/+ ones (Lenington 1991, Lenington et al. 
1996). In very small experimental groups, +/^males do as well as +/+ ones, 
while +/t females do only a third as well as +/+ females (Franks and 
Lenington 1986). In addition, when dominant, +/t males act more spite- 
fully than do +/+ dominants, often killing the subordinate and always sup- 
pressing his reproduction. This makes sense if multiple matings by a female 
with both a t- and a +-male sharply reduces t transmission. Here, the evi- 
dence is unclear. In 3 experimental multiple inseminations, t transmission 
averaged 22% (Olds-Clarke 1997), and 3 putative double matings from the 
wild showed t transmission of only 10-20% (Ardlie and Silver 1996). Both 
of these values are below the expected frequency if it had never driven in 
the first place (25%); but in 19 litters sired in seminatural conditions by at 
least one +/t and +/+ male, the t was transmitted to 36.4% of progeny 
(Carroll et al. 2004). 

Measures of reproductive success are missing from nature and the most 
comprehensive set of data on heterozygous fitness effects comes from a re- 
cent study of 10 "seminatural" populations maintained for 10 months, each 
in an area of 49m 2 . This setup simulates large populations in a "fiercely com- 
petitive environment," especially for males (Carroll et al. 2004). Food is 
made available ad libitum, but there is intense male-male competition for 
dominance, territories, and the chance to fertilize females, with no chance 
for dispersal. In this situation, both sexes suffer if they are +/t, compared to 
+/ + , but males more so. Female heterozygotes are smaller at weaning than 
wildtype females, and even more so at adulthood (—10%); they have a 
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lower chance of surviving to adulthood, and their reproductive output is 
79% of +/+ when outbred and 33% when inbred. By contrast, males show 
no weight effect, but + /t males are less than half as likely to secure a terri- 
tory. Furthermore, if they do secure a territory, they suffer higher mortality 
than their +/+ competitors. +/t males produce 64% of the pups of a +/ + 
male when outbred and 27% when inbred. Unfortunately, there is no way 
of comparing exactly the relative effects of the t on males versus females, be- 
cause the seminatural environment greatly accentuates male-male conflict, 
while probably reducing female-female conflict. 

There has been considerable labwork on the effects of parental haplotype 
on litter size, but the results are partly conflicting. If the father is + /t and 
the mother +/+, litter size is invariably reduced by about 20% (Lenington 
et al. 1994, Ardlie 1998, Carroll et al. 2004). But while one study shows a 
similar 20% decline when the +/t parent is female (Ardlie 1995), another 
finds an insignificant 2% decline (Carroll et al. 2004). The effect of the fa- 
ther carrying a t is surprising, but one interpretation is that it reflects a fe- 
male bias against ^-bearing males, which could act to increase lifetime in- 
vestment in +/+ offspring. The effect of the mother carrying a ^ — if it is 
real— presumably indicates a general effect of the £on female fitness. 

A key parameter in the evolution of the t may be the expected reproduc- 
tive success of tit females. If it is very low (as would be expected from sex- 
antagonistic effects— a double dose of female-harming genes), then there will 
be little opportunity for t recombination with itself (remember that tit 
males are sterile). Instead, the t will evolve as an asexual entity, displacing 
other copies and competing with a sexual antagonist, the rest of the ge- 
nome. As noted earlier, low fitness of tit females also increases the likeli- 
hood of selection for early-acting lethals. 

In summary, the evidence provides limited support for the importance of 
sex-antagonistic effects, our chief obstacle being the absence of key pieces of 
evidence from nature. 

Accounting for t Frequencies in Nature 

Mathematical modelers have long tried to account for observed t frequen- 
cies on the assumption that these frequencies are at some equilibrium (e.g., 
Bruck 1957, Petras 1967, Durand et al. 1997). ; is a simple system to model 
because resistant alleles are not a significant fraction of the population, and 
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so one need consider only 2 alleles, killer and sensitive. Surveys of natural 
populations show that the t complex is patchily distributed, with an average 
frequency in one large survey of about 5%, ranging (in samples larger than 
20 individuals) from 0-71% (Ardlie and Silver 1998). While the most exten- 
sive data are for M. m. domesticus, frequencies in the other 3 subspecies do 
not appear to be much different (Huang et al. 2001, Dod et al. 2003). De- 
spite there being only 2 alleles, many parameters are likely to affect the equi- 
librium frequency of t, including: 

• The level of drive, which averages about 0.9 with little variation around 
the mean, as expected from the absence of resistance alleles or suppres- 
sors (Ardlie and Silver 1996). 

• The homozygous fitness effects of the t complex. These are often lethal 
and, if not, then males are invariably sterile and females probably have 
low fitness (Lyon 1991). 

• The heterozygous fitness effects of the t complex. As we have seen, the t 
is associated with substantial reductions in heterozygote fitness, though 
the underlying mechanisms can be complex and the precise amount 
can vary depending upon the social environment. 

• The degree of inbreeding. The t can only drive in heterozygotes, and 
anything that reduces the frequency of heterozygotes— like inbreeding- 
will reduce the efficacy of drive and the equilibrium frequency (Petras 
1967, Durand et al. 1997). 

Unfortunately, estimates of the last 2 parameters are not available for nat- 
ural populations, and all we can say is that plausible combinations of pa- 
rameters can be found that give equilibrium frequencies that match the ob- 
served frequencies (Fig. 2.4). The high variance in the frequency of t among 
populations suggests some (or all) of these parameters are varying as well. 
The one known correlate of £ frequency is that it is higher (averaging about 
10%) in smaller, more ephemeral populations, and lower in larger, more sta- 
ble populations (—0%; Fig. 2.5). One possible explanation is differential in- 
breeding: in a detailed study of 2 allozyme loci in natural populations, a 
greater deficiency of heterozygotes was found in large populations (N>50) 
than in small populations (N<50; Selander 1970). Large populations may 
be subdivided into inbreeding demes, while small ones may be more ephem- 
eral and composed of immigrants from different source populations. 
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Figure 2.4 Expected frequency of t haplotype chromosomes as a function of the fitness 
of heterozygotes and the inbreeding coefficient. Contour lines connect points of equal 
frequency. Calculations assume that transmission in heterozygous males is 90%; the /is 
recessive lethal; and that fitness effects are equal in males and females. Note that the ex- 
pected frequency increases sharply from very rare (0.001) to quite common (0.2) in a 
relatively small region of parameter space. The frequency of t'm natural populations av- 
erages about 0.05, with substantial variation among populations. 



Other Gamete Killers 

Segregation Distorter in Drosophila 

Segregation Distorter (SD) is a gamete killer on chromosome 2 of D. melano- 
gaster. It shares many features in common with the tm mice, as well as some 
interesting differences. Heterozygous males (SD/+) transmit SD to 95-99% 
of their progeny (Lyttle 1991, Temin et al. 1991). Thus drive is even stronger 
than in the t. Again, the effect is destructive, but here it acts earlier, the 
wildtype sperm failing to develop properly and the male typically ejaculat- 
ing almost exclusively SZ?-bearing sperm. Transmission is normal in fe- 
males. 

SD was first discovered in 1956 by a graduate student, Y. Hiraizumi, 
who was collecting Drosophila from nature and crossing them to genetically 
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Figure 2.5 Population sizes of mice and frequency of the / haplotype as a function of 
population size. A. Frequency distribution of the sizes of populations assayed. Most 
commensal mouse populations are small. B. The frequency of +/t mice as a function of 
population size. Bars show standard errors; numbers in parentheses are ranges, t's were 
present in about 40% of all populations sampled and their frequency increased as the 
population size decreased. Adapted from Ardlie (1998). 
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marked laboratory strains in order to study fitness variation on chromo- 
some 2 (Crow 1979). Most of the time when a male was heterozygous for a 
natural chromosome and a laboratory one, progeny inheriting the 2 chro- 
mosomes were about equally frequent, as expected. But Hiraizumi noticed 
that in about 3% of matings, the male transmitted the natural chromosome 
to 95-100% of the progeny. It turned out that these chromosomes carried 
genes that destroy sperm carrying the wildtype (laboratory) chromosome. 
Like the t, SD has no obvious effect on the external phenotype, and the ele- 
ment would not have been discovered without direct genetic work. 

The genetics of SD action is known in considerable detail. Like the t, SD 
is located near the centromere and it employs a set of driving elements that 
operate on a responder-sensitive allele to disable sperm development, while 
being protected itself by a responder-insensitive allele. The major driving lo- 
cus and responder locus are tightly linked, separated by a map length of 
only 0.01 (that is, crossing-over occurs between them only 1% of the time). 
Most SDs have an inversion, and often more than 1 ; but unlike the t, these 
may differ between SD haplotypes and none is fixed. In one population an 
SD inversion increased from 1 in 6 chromosomes to 43 of 44 over a period 
of 35 years (Temin and Marthas 1984). Another important difference is that, 
when homozygous, SD chromosomes need not destroy one another. Flies 
may survive and, while some SD homozygotes cause male sterility, others 
are fully fertile: in a survey of 28 homozygous viable SD chromosomes, 18 
were homozygous sterile and 10 fertile (Temin and Marthas 1984). Finally, 
SD appears to be a much younger element than is the t. 

Molecular genetics of drive. The 2 most important loci in the SD system 
are Responder (Rsp) and Segregation distorter (Sd; Fig. 2.6; Kusano et al. 2003). 
Rsp is in the centromeric region of chromosome 2 and the wildtype allele is 
the target of the killing. It does not encode for anything, but instead con- 
sists of imperfect tandem repeats of a 240bp sequence, itself a dimer of two 
120bp sequences (called Xbal; Wu et al. 1988; Pimpinelli and Dimitri 1989; 
Houtchens and Lyttle 2003). SD chromosomes have fewer than 20 copies of 
the repeat, while wildtype chromosomes have from 100 to 2400, and the 
sensitivity of the chromosome to the killing action is directly related to the 
number of copies of the repeat (those with 100-200 copies are largely insen- 
sitive, those with 700 sensitive, and those with 2400 supersensitive). In 
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Figure 2.6 Segregation Distorter (SD) and wildtype (+) forms of chromosome 2 in 
Drosophila rnelanogaster. The order of the major genes involved in the system is shown. 
Sd'is the main locus causing death of Tfo/^-bearing sperm, and E(SD), M(SD), and 
St(SD) all enhance its action and increase drive. Thick line is centric heterochromatin 
and solid circle is centromere; these are areas of low recombination. Adapted from 
Kusano et al. (2003). 



short, absence of the repeats gives protection from the drivers, while an in- 
creasing repeat number gives increasing vulnerability. 

The other main locus is the Segregation distorter (Sd) locus, which is trans- 
acting and encodes the killing action (Merrill et al. 1999). Compared to the 
wildtype sequence, the driving Sd allele has an extra 5kb, due to a tandem 
duplication. This resulted in the duplication of the RanGAP (Ran GTPase 
Activator Protein) gene, except the new copy encodes a protein that is miss- 
ing the last 234 amino acids. It is this truncated RanGAP gene that causes 
the differential transmission of alternative Rsp alleles. Wildtype RanGAP 
protein is involved in the transport of proteins across the nuclear mem- 
brane. The truncated protein from the duplicated gene has the same enzy- 
matic activity as the wildtype, but it goes to the wrong place in the cell. 
Instead of being at the outer periphery of the nuclear membrane, it is dis- 
tributed diffusely in the cytoplasm and in the nucleus (Kusano et al. 2001). 
Having the RanGAP protein inside the nucleus is likely to disrupt nuclear 
transport, and thus spermatogenesis, but it is not yet clear why the dysfunc- 
tion is limited to spermatids with many repeats at the Rsp locus. One pos- 
sibility is that there is a protein that binds to (and thus is transmitted 
along with) the Xbal repeat— a poison-tag mechanism. This protein might be 
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RanGAP itself, or something that interacts negatively with this mislocalized 
protein. Whatever the mechanism, the activity of Sd leads to a failure of 
chromatin condensation and tail formation in spermatids carrying a sensi- 
tive Rsp allele as they individualize out of the syncytial state (Plate 1; 
Tokuyasu et al. 1977). 

It is interesting that changing the promoter of the wildtype RanGAP gene 
so as to increase expression of the gene 20-fold in the male germline also 
causes the RanGAP protein to get into the nucleus and converts it into a 
killer with about 90% drive (Kusano et al. 2002). And, having a double dos- 
age of a third locus, Enhancer of SD [E(SD)] also somehow causes wildtype 
RanGAP protein to get into the nucleus and causes drive of about 75%. 
Thus even for a single mechanism of drive, there can be multiple mutations 
that give the needed effect. 

Enhancer of SD is a gene found naturally on SD chromosomes that, as 
the name suggests, enhances their drive. There are, in addition, 2 other such 
genes, Modifier of SD [M(SD)] and Stabilizer of SD [St(SD)], both of 
which are also linked to SD (Hard and Hiraizumi 1976, Sharp et al. 1985; 
see Fig. 2.6). There are also loci on both other major chromosomes that af- 
fect the level of drive (Hiraizumi et al. 1994). These subsidiary loci have yet 
to be identified at the molecular level. 

Thus there is little mechanistic similarity between SD and t. Both rely on 
interactions between at least 2 loci; but for SD the main killer is a new pro- 
tein-coding gene and the resistant allele is a deletion, while the opposite is 
true for t— at least 1 of the killers appears to be a deletion, and the resistant 
allele is a new gene. Surprisingly, neither one uses a poison-antidote system. 
Such mechanisms are used by bacterial plasmids (Box 2.1), but why are they 
not more common in animals? 

Resistant alleles. As we saw earlier with the t, it is important for the long- 
term persistence of a killer that resistant alleles have some cost, for other- 
wise they would spread to fixation and drive the killer extinct. For SD, resis- 
tant alleles with few Xbal repeats do exist in nature, but at least in the lab 
they appear to suffer reduced survival (Wu et al. 1989). A comparison of a 
wildtype chromosome with 700 copies and a deletion derivative with 20 
copies showed a substantial selective advantage for the repeats of about 15% 
per generation. There was no effect on fertility. As expected, the relative 
fitness of the 2 Rsp alleles is reversed in the presence of Sd. The absence 
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BOX 2.1 

Poison-Antidote Systems of Bacterial Plasmids 

Many plasmids of bacteria have systems to ensure that if they are 
not transmitted to one of the daughter cells at cell division, that 
daughter cell will die (Summers 1996). For example, the Rl plasmid 
has 2 genes, hok (host cell billing) and sok (.suppression of billing), 
which are encoded on opposite strands of DNA and overlap. The 
Hok protein is toxic: it associates with the cell membrane and leads 
to loss of membrane potential, arrest of respiration, and death, sok 
encodes an antisense RNA that binds to the hok mRNA, causing it 
to be cleaved. The sok antisense RNA is much less stable than the 
hok mRNA, and so if a plasmid-free segregant is produced, the in- 
hibitor disappears first, leaving the hok mRNA free to be translated 
to form the toxin and kill the cell (Gerdes et al. 1988, 1992). 



of an effect on fertility is surprising, given observations that sperm of re- 
sponder-insensitive males are smaller than those of wildtype (Hauschteck- 
Jungen and Hartl 1978). 

Though the resistant allele has a cost associated with it, this cost is not as 
extreme as for the t, and so the allele is found in appreciable frequencies in 
natural populations (which typically have 1-5% SD, 20-50% resistant, and 
the remainder wildtype; Lyttle 1991). Charlesworth and Hartl (1978) ana- 
lyzed a model with these 3 alleles and concluded that the only way to 
account for the observed frequencies was if the resistant allele had a cost of 
1-2% in the absence of the killer. This is smaller than the cost seen in the 
lab. The modeling also suggested that the SD chromosome needs to be as- 
sociated with a substantial (e.g., 40%) reduction in male fertility, both when 
paired with a wildtype chromosome and with a resistant chromosome. Again, 
it is not clear how accurate this prediction is. 

Origin. SD appears to have originated very recently in D. melanogaster. The 
3 most closely related species (D. simulans, D. mauritiana, and D. sechellid) 
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contain neither the duplicated dRanGAP gene nor appreciable amounts of 
the Xbal repeat sequence (Temin et al. 1991). The fact that different SD 
chromosomes have different inversions, with none having gone to fixation, 
also suggests a relatively recent origin. Most convincingly, DNA sequencing 
shows that SD chromosomes are very similar to each other, and there is no 
more divergence between SD and wildtype chromosomes than there is be- 
tween different wildtype chromosomes (Palopoli and Wu 1996). That is, SD 
appears to have arisen more recently than the average coalescence time of 
wildtype sequences. 

Because SD (like t) involves an interaction between at least 2 loci, neither 
of which is beneficial by itself, the question naturally arises, how could it 
have evolved? It seems to require 2 mutations, each of which alone is delete- 
rious. As SD is a young complex and reasonably well understood in molecu- 
lar terms, a plausible scenario can be advanced for how it originated: 

• The ancestral state was presumably chromosomes without an Sd dupli- 
cation and without many (or any) Xbal repeats, as found in the relatives 
of D. melanogaster. 

• The first step would have been the amplification of the Xbal repeats. 
It is not clear why this occurred, but it seems to be favored by natural 
selection, as a deletion of the region reduces viability. Alternatively, 
in some genetic backgrounds the high-copy-number allele shows drive 
over the low-copy-number allele (Hiraizumi et al. 1994), and this may 
have led to its accumulation. Perhaps the repeat can sequester a func- 
tional protein— rather than (as in the presence of the Sd killer allele) be- 
ing tagged with a toxic protein. 

• Regardless of why the Xbal repeats accumulated, unequal crossing-over 
would ensure that there was substantial variation in copy number be- 
tween chromosomes. 

• The Sd duplication responsible for the killer genotype happened to oc- 
cur on a chromosome that had relatively few Xbal repeats (or quickly re- 
combined onto such a chromosome). The chromosome would then be 
relatively insensitive to the killing action, and so could show drive and 
increase in frequency. Consistent with this scenario, in at least some ge- 
netic backgrounds, Sd acts preferentially against the more sensitive Rsp 
allele (Hiraizumi, unpublished data, cited by Lyttle 1991). 

• As killer chromosomes became established in the species, there would 
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be selection on them for ever-fewer Xbal repeats, to maximize drive, re- 
sulting in the low numbers of them now found on SD chromosomes. 

In this scenario the killer hitchhikes along with a rare resistant Rsp allele 
that is initially maintained purely by mutation-selection balance. Had the 
resistant allele been the common type, and the susceptible allele the rare 
type, the killer would have had much more difficulty establishing itself— a 
killer can only spread by hitchhiking with a resistant allele that is initially 
rare (Hurst and Pomiankowski 1991a). 



Spore Killers in Fungi 

The fungus Neurospora intermedia has 2 killer complexes that in many ways 
are similar to t and SD, though spores are killed, not sperm cells (Turner and 
Perkins 1991, Raju 1994). The 2 complexes are called Sk-2 K and Sk-3 K , and 
both map to the centromeric region of chromosome III. In crosses between 
killer (K) and wildtype-sensitive (S) strains, the spores inheriting the S allele 
are killed, and those with the K allele survive (Plate 2). In crosses between 2 
S strains or 2 K strains of the same type, all spores are viable; and in crosses 
between strains carrying the 2 different killer complexes, virtually all 
(99.9%) spores are killed. Phenotypically similar killer complexes have been 
found in several other fungal species (Table 2.1). None of them has any 
other obvious effect on the host phenotype. 

Mechanism. For Neurospora spore killers, the mechanism of action is un- 
known. Normally, meiosis is followed by a single mitotic division, and 
results in 8 viable spores. In K X S crosses, there is nothing obviously 
amiss while the 8 spores share a common cytoplasm; but when the spores 
form walls, 4 of them stop further development and die (Raju 1979). In 
some developmental mutants, sensitive and killer nuclei are enclosed in the 
same spore, in which case the spore will live and killer and sensitive nuclei 
are recovered with equal frequency (see also Raju and Perkins 1991). This in- 
dicates that resistance is dominant and based on the presence of a protein, 
as in the t complex, rather than the absence of a repeat, as in SD. In 
Podospora anserina there is an unusual spore killer allele that produces a 
prion protein, but this is not thought to be typical (Dalstra et al. 2003, 
Perkins 2003). 
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Frequency and fate. Frequencies of spore killers vary widely Sk-2 K and Sk- 
3 K of TV. intermedia are very rare, having been recovered just 4 times and 1 
time, respectively, in 3000 isolates worldwide, all in Southeast Asia (Borneo, 
Java, and Papua New Guinea; Turner 2001). Resistant alleles are more com- 
mon—resistance to Sk-2 K is found in 43% of isolates in Southeast Asia, Aus- 
tralia, India, China, and Japan, but it appears to be absent from the Ameri- 
cas, the Congo, and the Ivory Coast. Resistance to Sk-3 K was found in 26% 
of isolates from Southeast Asia and Australia, but not outside this region. 
By contrast, the frequency of Sk-1 K in the congeneric species N. sitophila is 
much higher in some locations (30-40% on various Pacific islands, 100% 
in at least some Louisiana sites) and absent in others (Fig. 2.7). A high- 
frequency spore killer is also found in Giberella fujikuroi (—80%; Kathariou 
and Spieth 1982). Interestingly, only a single resistant strain was found in N. 
sitophila, well away from where the killer is common, and none was found in 
G. fujikuroi. For these 2 killers, it is difficult to see how they could possibly 
be at a stable equilibrium frequency (Nauta and Hoekstra 1993). This situa- 
tion may have arisen because both species are associated with humans: N. 
sitophila is often found in bakeries and lumberyards (D. Perkins, personal 
communication), while G. fujikuroi is a cosmopolitan pathogen of maize, 
sorghum, and other crops. Perhaps human activities have increased the 
range of these species in recent times and have brought them into contact 
with isolated populations or different species from which they acquired the 
spore killer genes. In any case, these might be ideal model systems to docu- 
ment the spread of a selfish gene. 

There are no other obvious effects of the killer complexes on organismal 
growth or reproduction. If resistant alleles are truly absent from G. fujikuroi, 
then the spore killer seems likely to spread all the way to fixation. If it does, 
there will no longer be any sensitive alleles to kill, and so there will no 
longer be any purifying selection maintaining the killing function. The 
complex may therefore degenerate over evolutionary time, the short-term 
success of fixation giving way to a longer-term failure to persist as a func- 
tional element. 



Incidence of Gamete Killers 

Perhaps the greatest (and most frustrating) gap in our understanding of ga- 
mete killers is some sense of how common they are. Particularly among ani- 
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Figure 2.7 Geographical distribution of Sk-1 killer (K) and sensitive (S) strains in 
Neurospora sitophila. Numbers are the number of strains of each type collected at that 
site; open circles identify sites within which all strains were sensitive. A single nonkiller 
resistant strain was collected from Gabon, far away from any killer. Adapted from 
Turner (2001). 



mals, it is difficult to extrapolate from the only 2 known cases, each of 
which was found in a well-studied model organism by time-consuming lab- 
oratory work on the inheritance of linked phenotypic markers. In humans, 
several disease-causing loci have been suggested to show biased inheritance, 
but this has often turned out to be due to ascertainment bias— families in 
which many members have the disease will be better studied than those 
with fewer members (reviewed in Teague et al. 1998). In other cases, it is pos- 
sible that the transmission ratio distortion is real (for example, retinoblas- 
toma, Munier et al. 1992; cone-rod retinal dystrophy, Evans et al. 1994; and 
split hand/foot malformation, Ozen et al. 1999), but the underlying mecha- 
nism is unknown, and all these are very rare in the human population, not 
obviously much different from that expected from recurrent mutation. It is 
probably safe to say that no gamete killer as effective and frequent as t and 
SD exists in humans, but it is not clear we can say this about any other ani- 
mal. Even within humans, less effective killers may well exist. Thus, of the 3 
best-characterized animal species, 2 of them have one gamete killer, and 1 
has none. Are we to conclude that two-thirds of animal species have a ga- 
mete killer? 

t and SD were both discovered initially by the non-Mendelian inheri- 
tance of linked loci. Deviations from Mendelian inheritance are occasion- 
ally reported in other species, such as a locus responsible for progressive 
rod-cone degeneration in miniature poodle dogs (Acland et al. 1990), a 
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minisatellite locus in a pseudoscorpion (Zeh and Zeh 1999), and the albu- 
min locus in rhesus monkeys (Smith and Rolfs 1984). Drive is often high 
(~90°/o) anc j limited to one sex, but alleles are often harmful and rare. It will 
take much work to determine whether these cases of biased inheritance are 
due to gamete killers, some other class of selfish gene, or something more 
innocuous (e.g., linkage to a deleterious mutation, or some genetic incom- 
patibility between strains). 

In plants, many more gamete killers have been reported (Table 2.1), each 
of them discovered by crop geneticists making a linkage map and then in- 
vestigated to reveal the cause of the non-Mendelian inheritance. Taken at 
face value, the data suggest that the average number of gamete killers per 
plant species is about 1, give or take a factor of 10. It would be interesting to 
screen a natural community of plant species for individuals in which half 
the pollen is inviable, to see whether this estimate can be improved. 

Fungal spore killers have in some ways been the easiest to detect, because 
the dead spores are so easily visible (Plate 2.2). Again, what data exist suggest 
an order-of-magnitude average of about 1 spore killer per species. But still 
there is much unexplained variation. A worldwide collection of Neurospora 
crassa isolates revealed not a single spore killer, whereas in Podospora anser- 
ina, a highly inbred species, 7 different types of spore killer have been 
found, 6 of them from a single population of just 99 isolates, with a com- 
bined frequency of 23% (van der Gaag et al. 2000). Most of these map to 
linkage group III, though at least 1 maps to another chromosome. Interest- 
ingly, crosses between different killer strains show either mutual resistance 
or dominant epistasis (1 strain sensitive to and killed by the other), unlike 
the 2 killers in N. intermedia, which show mutual killing. Perhaps spore kill- 
ers arise more frequently in P. anserina than in N. crassa (e.g., larger global 
population size, or greater influx of horizontally transmitted DNA), or per- 
haps they remain polymorphic for longer (e.g., because they are more in- 
bred). 

Much else is equally uncertain. For example, most of the gamete killers 
discovered thus far are relatively effective (e.g., killing 90% or more of the 
wildtype gametes). Is this an accurate picture, or is there a much larger class 
of less effective killers that are less easily discovered? Killers might be less ef- 
fective either because they kill less often, or because there is greater recom- 
bination between killer and target loci. Finally, what fraction of killers are 
like t— too harmful when homozygous to go to fixation— and what fraction 
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go to fixation and then become invisible? Some gamete killers in plants are 
only detectable in species hybrids (Table 2.1). In principle, the frequency of 
gamete killers sweeping through populations could be estimated by inter- 
population crosses. Care would have to be taken, though, to ensure, first, 
that the populations were not so divergent that the killer would have time to 
degenerate and, second, that the populations were geographically isolated 
with no possibility of the killer transferring between them (recall that t has 
transferred recently among subspecies of mice). 

Though the evidence is highly fragmentary, it seems reasonable to sup- 
pose that gamete killer complexes arise every so often within a host species, 
persist for a while, and then either go extinct directly or go to fixation and 
then go extinct. In the evolutionary lineage connecting the origin of meiosis 
to any extant species, this may have occurred hundreds or thousands of 
times, or more. These repeated attacks may have left some traces on the 
present-day mechanisms of meiosis and gametogenesis. One possibility is 
that killers have been important selective agents in the evolution of meiosis 
and gametogenesis— in other words, that aspects of these processes have 
evolved so as to suppress ancient killers. This seems especially likely when 
meiosis was first arising, but unfortunately those events are hidden by the 
mists of time. Certainly there are aspects of meiosis and gametogenesis that 
make the evolution of killers more difficult. Meiotic recombination is one 
such example, though it is less clear that breaking up killer complexes has 
been a quantitatively important selective agent for the evolution of recom- 
bination or affects its level today. Similar difficulties apply to some other 
suggestions (Box 2.2). 

Maternal-Effect Killers 

t and SD are special kinds of killer. They act in heterozygous males to kill 
sperm into which they have not been transmitted. Likewise, spore killers act 
to kill spores in which they are not found. These, in turn, are part of a larger 
category of genetic elements, those that gain a benefit by killing closely re- 
lated, competing individuals that lack themselves. We treat first maternal- 
effect killers, genes that act in heterozygous females to kill progeny that do 
not carry copies of themselves. In this case, the victim is a diploid individual 
rather than a haploid gamete. A more important difference is that protec- 
tion from being killed can come by inheriting a copy of the gene from the 
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BOX 2.2 

Killers and the Evolution of Meiosis and Gametogenesis 

Several aspects of normal meiosis and gametogenesis make the evo- 
lution of gamete killers more difficult, but there is little evidence as 
yet that any of them evolved in order to suppress gamete killers (as 
opposed to this being an unselected side effect). 

Two-step meiosis. Diploid cells give rise to haploid cells via an 
indirect route, first duplicating their chromosomes and then go- 
ing through 2 divisions. When combined with crossing-over, this 
method introduces some uncertainty over the cell division in 
which a gene segregates from its homolog. Haig (1993a) suggests 
that this 2-step meiosis evolved in order to produce this uncertainty 
and thereby combat a hypothetical class of selfish genes that causes 
a meiotic cell to kill its sister cell (e.g., by sending a toxin to the 
spindle pole opposite to which it moves). Such killers have not 
been reported. If suppressing them now is a strong selective force, 
one would expect to see the uncertainty maximized by having dou- 
ble crossovers immediately on either side of every centromere, but 
this is never observed (see also Hurst and Randerson 2000). 

Syncytial gametogenesis. Gamete killing seems to require haploid 
expression of one or more genes, and such expression is made less 
likely because of cytoplasmic connections between developing sper- 
matids that persist after meiosis. Hurst and Pomiankowski (1991b) 
suggest that these cytoplasmic connections have evolved to protect 
against gamete killers, but maintaining the advantages of diploidy 
in masking deleterious recessive alleles would seem to have larger 
and more general selective consequences. 

Pseudohomothallism. In pseudohomothallic ascomycetes, meio- 
spores are produced containing 2 nuclei, one of each mating type. 
The resultant mycelium is dikaryotic. Haploid gametes are formed 
that contain one or the other of these, and gametes of opposite 
mating type fuse, after which there is a brief diploid phase, followed 
by meiosis. Turner and Perkins (1991) suggest that the enclosure of 
2 nuclei within a single spore may have evolved in some lineages to 
suppress spore killers. But the selective pressures associated with 
this suppression seem likely to be small compared to those associ- 
ated with halving the fecundity and becoming self-fertile. 
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other parent (i.e., the father). This means that, like spore killers, such genes 
are not prevented from sweeping to fixation. A maternal-effect killer works 
as if it recognizes progeny that do not carry a copy of it and then kills them. 
A key question is, What is the benefit to the killer? The earlier the killing, 
the more likely a return benefit will come from reduced sibling conflict for 
parental investment or other shared resources. This system encourages the 
invasion of killer mutants when rare (Smith 1998). We begin with the four 
known cases and then review the expected action of natural selection. 

Medea in Flour Beetles 

Medea— ox, maternal-effect dominant embryonic arrest— refers to a genetic 
factor (M) found in flour beetles {Tribolium castaneum) that acts in heterozy- 
gous (M/+) females to cause all +/+ offspring (i.e., those without M) to 
perish. These usually die sometime between just before hatching to as late as 
the second larval instar (Beeman et al. 1992). This is not some defect of the 
+ allele, because +/+ progeny of +/+ mothers are perfectly normal. The 
doomed larvae appear morphologically normal, but become sluggish, unco- 
ordinated, or paralyzed before death. M/+ offspring are completely pro- 
tected, whether the M was inherited from the mother or the father. Other 
than the killing, there are no obvious effects of M factors on the rate of de- 
velopment, fecundity, longevity, or mating success of those possessing them 
(Beeman and Friesen 1999). In short, M appears to have no effect in a fe- 
male other than to kill off progeny lacking M. Once again, other than its 
selfish effect, the selfish genetic element has no obvious phenotypic effect. 

The molecular basis of Medea action is unknown, but evidence suggests 
that at least 2 linked genes may be involved. A lab mutant that fails to show 
the killing activity nevertheless (when transmitted through sperm) rescues 
zygotes from intact M/+ mothers (Beeman and Friesen 1999). This is remi- 
niscent of tight linkage between responder-insensitive alleles and drivers in 
the t haplotype and in SD. 

Worldwide collections of flour beetles indicate that there are at least 4 in- 
dependent Medea factors found in different locations in the genome (la- 
beled M'-M 4 ), none of which rescues any of the others (Beeman and Friesen 
1999). Moreover, they are both geographically widespread and patchily dis- 
tributed. One M strain was found in half of 27 countries; most strains in Eu- 
rope have it, none in India does, and the United States is sharply demar- 
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cated. Populations are typically fixed for M or for the alternative, with 
mixed frequencies being uncommon. All 26 populations in the United 
States above 33° latitude are fixed for M, but only 2 of 29 below 33°, while 
21 populations lack M entirely (Beeman 2003). 

That Medea appears to be absent from India may be due to another factor, 
H which is found only in India and which segregates as a single locus and 
turns Medea factors into "suicide" genes (Thomson and Beeman 1999). For 
example, M 4 progeny that inherit an H allele from their father die at the 
fourth larval stage if raised at 25°C, and they have reduced viability at 32°C. 
Reciprocal crosses are more productive, though there is still some reduced 
viability at 25°C. The interaction between M 1 and //is even stronger, with 
any zygote inheriting M 1 and //being inviable regardless of which allele is 
maternal and which paternal. The presence of //in Indian populations may 
prevent Medea factors from spreading there, but this cannot be its function, 
because it is suicidal when paired with M, without any offsetting benefit. 

A Medea factor has also been observed in T. confusum, despite the fact that 
crosses between the 2 species are entirely sterile, so its origin may have pre- 
dated both species. 

HSR, scat + , and Om DDK in Mice 

A cytologically detectable homogeneously staining region (HSR) on chro- 
mosome 1 of mice (Mm musculus) also shows maternal-effect killing 
(Weichenhan et al. 1996). That is, if HSR/+ heterozygous females are 
mated to +/+ males, about 70% of the offspring recovered carry HSR. This 
drive is due to the +/+ embryos being more often resorbed by the mother 
in utero. There is no drive through males— nor if the heterozygous female is 
mated to an HSR/ HSR male. That is, once again, embryos are rescued by a 
paternally inherited copy of HSR. 

The molecular basis of this behavior is unknown, but the size of HSR is 
impressive. One intensively studied HSR consists of about 900 copies of a 
lOOkb repeat organized into 2 bands, and some chromosomes have as many 
as 2000 copies, equivalent to 200Mb, or 6.7% of the genome (Weichenhan 
et al. 2001, Traut et al. 2001). By contrast, there are only about 60 copies of 
the repeat on wildtype chromosomes. The main constituent of the repeat is 
SplOO-rs, a chimeric gene formed by a fusion of the SplOO gene (which is in- 
terferon responsive and may be involved in transcription regulation and 
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chromatin structure) and the Csprs gene (a G protein-coupled receptor). We 
have no idea why the repeat may have grown in size so rapidly 

HSR is patchily distributed in mice populations throughout Eurasia and, 
where present, its frequency varies from 4% to 76% (Agulnik et al. 1993). 
Even within a 5km radius, the frequency can vary among local populations 
from 51% to 0%. In at least 1 population, genotype frequencies do not dif- 
fer from Hardy-Weinberg proportions, suggesting no gross effects on viabil- 
ity in nature; but it is curious that HSR never reaches fixation, as Medea so 
often does, even though compensation is expected to be higher in mice, 
with much relaxed conditions for the invasion of a rare killing gene (Smith 
1998). This, along with its patchy distribution, suggests some hidden cost, 
or very recent evolution. 

scat + (severe combined anemia and thrombocytopenia) is a gene near the 
centromere of chromosome 8 of mice that may be another maternal-effect 
killer (Hurst 1993, Peters and Barker 1993). There is a mutant form of the 
gene (call it "-"), with the unusual property that -/- progeny of +/- moth- 
ers die early, whereas -/- progeny of-/- mothers are normal. As far as is 
currently known, the - allele only exists as a lab mutation and is not found 
in nature. It is as if the normal scat allele is a maternal-effect killer that arose 
in a population of- alleles and then swept through to fixation. 

Again, little is known about the mechanistic basis of killing. Progeny suf- 
fer from severe combined anemia and intermittent episodes of severe bleed- 
ing, and in the lab about a third of affected individuals die in utero. Of those 
that are live born, 60% die in the first 2 weeks after birth. The remainder go 
into spontaneous remission, before a second crisis, after which 90% of live- 
born individuals are dead by day 50. If +/+ females are implanted with 
ovaries from a -/- female, and then mated to heterozygous +/- males, +/- 
and -/- progeny are produced, and the latter show the disease phenotype. 
Thus, the scat + alleles in the mother's soma are enough to kill; killing is not 
(solely) through the expression of genes in the germline. Moreover, it ap- 
pears that the mother is somehow turning the offspring's spleen against it- 
self, because removal of the spleen largely cures affected individuals. 

Identifying the gene responsible should allow direct testing to see 
whether scat + is a maternal-effect killer (as opposed to a normal host-bene- 
fiting gene that gives rise to an unusual mutation) and, if so, how long ago it 
swept through to fixation, whether there is any sign of degeneration, and 
so on. 
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The Om locus on chromosome 11 of mice is a different kind of maternal- 
effect killer with a complex pattern of inheritance and we give only a simpli- 
fied treatment here. Allelic differences at this locus cause matings between 
females of strain DDK and males of many other strains to be largely sterile, 
with some 90-95% of embryos dying around the time of implantation. The 
reciprocal crosses are normal. In crosses between DDK females and Fi het- 
erozygous males (DDK/DDK X DDK/+), virtually all the surviving prog- 
eny are DDK/DDK; those inheriting the paternal + allele die. That is, 
DDK/DDK females somehow arrange the death of progeny derived from 
+ sperm, a result that is not dissimilar from killing the + sperm directly. Lit- 
tle is known of exactly how this works, except that embryos die due to an in- 
compatibility between a maternally synthesized RNA in the oocyte and 
some sperm factor (Renard and Babinet 1986, Renard et al. 1994). 

Further studies have shown that if the DDK allele is backcrossed for 7 
generations into a wildtype background, the DDK allele appears to be dom- 
inant: if DDK/+ heterozygous females are mated to +/+ males, fertility is 
decreased 10- to 40-fold; and if they are mated to DDK/+ heterozygous 
males, there is strong drive in favor of the DDK allele (DDK/DDK, DDK/ 
+ , +/+ genotypes were recovered in the frequencies 261, 200, 16, instead 
of the Mendelian 1:2:1; Le Bras et al. 2000). 

The Evolution of Maternal-Effect Killers 

As with gamete killers, maternal-effect killers will increase in frequency only 
to the extent that they benefit from reduced competition. Two extreme situ- 
ations can be identified. On the one hand, if siblings compete no more in- 
tensely than random members of the population, and so the benefits of 
killing are shared equally among the whole population, the allele will be 
only weakly selected when rare, with the effective selection coefficient ap- 
proximately equal to the frequency of the gene (Wade and Beeman 1994). 
On the other hand, if all the benefits of the killing go to K/K and K/+ sib- 
lings of the victims, then selection will be strong, with an effective selection 
coefficient of 0.5. This is the same as for a gamete killer like t or SD that 
works only in one sex. Presumably mice are closer to this latter extreme of 
direct benefit than flour beetles, though with restricted larval movements in 
beetles, there could still be a significant release from sibling competition 
(McCauley and Wade 1980). 
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If a maternal-effect killer becomes common in a population, its associ- 
ated selection coefficient will be low, because most + -bearing eggs are res- 
cued by the paternal allele, and so there is little killing. This is the opposite 
of a gamete killer, in which case, without negative homozygous effects, se- 
lection coefficients steadily increase to 1. Thus, in theory, there is more 
scope for intermediate equilibrial frequencies in maternal-effect killers. But 
Medea factors and scat* can go to fixation, suggesting they cause little harm 
to the host when homozygous. 

Though the mechanism of action is not yet known for any maternal- 
effect killer, possibilities are easy to imagine. Perhaps the simplest is the 
presence, ancestrally, of a maternally supplied protein whose precise expres- 
sion level is important for embryonic development. Then the killer could 
arise simply by a change in a control region that simultaneously reduces ma- 
ternal expression and increases zygotic expression sufficient to compensate 
for the lost maternal supply. Or there could be a poison-antidote system. 
Unlike with gamete killers in animals, haploid expression is not required. In 
species such as mammals with extended maternal-fetal interactions, it must 
be all the easier for maternal-effect killers to arise. Simultaneous changes in 
closely linked receptors and ligands, or in proteins involved in adhesion, 
could give rise to a "killer" element. 

Though maternal-effect killers have only recently been discovered, we 
suspect that in taxa like mammals with substantial postzygotic maternal in- 
vestment, they may be even more common that gamete killers. We imagine 
they may have arisen hundreds or even thousands of times in our own an- 
cestry, since placental mammals first arose 75mya. If so, what would we ex- 
pect? If killers often work by simultaneously reducing maternal expression 
of an essential gene and increasing zygotic expression, then one prediction 
is that there would be a general shift from maternal to zygotic expression of 
quantitatively important genes— especially in species with maternal compen- 
sation. Could this be part of the explanation for why maternal expression is 
so much less developed in mammals compared to insects and amphibians, 
and zygotic genes begin expression so early? 



Gestational Drive? 

So far we have considered alleles that kill progeny in which they are absent, 
but consider the other side of the coin— alleles that cause mothers to invest 
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more in those offspring in which they are present (Haig 1996a). This is espe- 
cially likely in species with intimate mother/offspring connections, as in 
placental mammals, in which cells of the two are in direct contact and sim- 
ple cellular processes can detect the presence or absence of alleles and either 
encourage or inhibit resource transfer between them. Haig calls this "gesta- 
tional drive." By giving itself a benefit during gestation, the gene shows 
drive. By logic these genes are expected to arise, but they are usually ex- 
pected to sweep through to fixation, after which they will not be recognized. 

The general possibility that a gene could produce a signal, sense the signal 
in others, and then direct benefit to them was emphasized by Hamilton 
(1964a, 1964b) and given the colorful expression "green beard" by Dawkins 
(1976). That is, a gene could code for a signal (a green beard) and at the same 
time direct preferential action toward another individual with that signal (a 
green beard). At the locus involved, a relatedness of 1 is being measured, 
but this coefficient applies only to that and (to a diminishing degree) linked 
loci so that all nonlinked genes are selected to shut down the green-beard 
gene, insofar as conferring the benefit has a cost. But if a green-beard gene 
does sweep through to fixation, it would no longer be detectable as such. All 
offspring would be treated alike and the interaction would give the general 
appearance of mother-fetal cooperation (Haig 1996a). Indeed, these positive 
green-beard genes differ from the negative ones such as t in tending, on av- 
erage, to elevate the phenotype instead of degrading it. 

Especially promising for green-beard effects in mammalian pregnancies 
are homophilic cell-adhesion molecules (Haig 1996a). In these molecules, a 
part sticks outside the cell and recognizes copies of itself, while the internal 
part initiates intracellular action. Therefore, this single molecule (and the al- 
lele that produced it) has all the properties required for a green-beard gene. 
When applied to the interface of maternal and fetal tissues, one can easily 
imagine how greater cell adhesion would tend to encourage contact be- 
tween the 2 kinds of cells and thereby the transfer of nutrients. A variety of 
self-adhesive molecules are known to be expressed during placental devel- 
opment and human pregnancy. For example, trophinin and tastin are two 
human cell-adhesion molecules known to be especially prominent in pla- 
cental and uterine tissues (Fukuda et al. 1995). 

Cell-adhesion molecules need not be homophilic to be self-benefiting. 
Closely linked loci can also act as green beards. This can be as simple as 
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CD2- and CD58-cell-surface receptors of the human immune system that 
are each other's principal ligand. These genes are located within 250kb of 
each other, perhaps as a result of a gene duplication. There are also numer- 
ous pairs of linked loci known in humans that may interact between mother 
and offspring in the expected way (Haig 1996a). Especially likely are ligands 
and their receptors and enzymes and their substrates. An important feature 
of this argument is that signal and detection need not be coded by 1 gene 
but can be coded by linked pairs. Self-benefiting cell-adhesion molecules 
could set up an evolutionary race with unlinked suppressors not enjoying a 
benefit. Consistent with this idea, 2 of 3 such placental/fetal molecules 
show evidence of strong, positive selection in mammals, while a cell-adhe- 
sion molecule involved in heart function does not (Summers and Crespi, 
2005). 

Consider another example. The genes for renin and angiotensinogen are 
linked together on distal lq in humans (Gaillard-Sanchez et al. 1990). Renin 
cleaves angiotensinogen so as to produce angiotensis, which raises blood 
pressure. Other things being equal, the fetus benefits from increased mater- 
nal blood pressure, which increases nutrient flow to it. One can easily imag- 
ine a new haplotype that produces more angiotensinogen in maternal cells 
and more renin in placental (fetal) cells, with both products interacting in 
the mother to produce higher maternal investment associated with the pres- 
ence of the haplotype in both parties (Haig 1996a). 

A dramatic example of the role that self-adhesive molecules may play in 
affiliative relations comes from recent work on the amoebae of the cellular 
slime mold Dictyostelium discoideum (Queller et al. 2003). The amoebae feed 
as individual cells on soil bacteria, but when food runs out, they adhere in 
aggregations of thousands to form fruiting bodies of which 20% is non- 
reproductive stalk. csA (contact site A) is a homophilic cell-adhesion mole- 
cule that helps bring this about. By adhering to each other, these molecules 
help pull each other together to form a fruiting body. In competition with 
an equal number of csA mutants without cell-adhesion abilities, 82% of 
fruiting body cells are wildtype. This selective advantage disappears on arti- 
ficial laboratory surfaces (on which aggregation is easier): the differential 
tendency of csA to form stalk tissue results in lower fitness than the free- 
riding mutant enjoys. In this example the interaction is symmetrical and 
among peers, with no obvious intragenomic conflict (Ridley and Grafen 
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1981). Simple green-beard genes of this type may be particularly com- 
mon in microorganisms, in which individual cells can interact directly with 
neighbors. 



Gametophyte Factors in Plants 

In plants, genes have repeatedly been described that act in female tissue (the 
style) to kill pollen in which they are absent. These are called gametophyte 
factors. For example, in maize the gal locus on chromosome 4 behaves as 
follows (Schwartz 1950, Nelson 1994). If the parent carries the Gal allele, in 
either the heterozygous or homozygous state, and is pollinated by a hetero- 
zygous Gal I gal plant, the gW -bearing pollen is a very poor competitor and 
fertilizes 0-4% of the ovules. This is not just some dysfunction of the gal al- 
lele in pollen; if the female parent is gall gal homozygous, the 2 types of 
pollen do equally well. In some crosses the Gal allele suppresses but does 
not stop the growth of gal pollen, so if only gal pollen is available, there 
will still be a full seed set. In other crosses, plants homozygous for Gal set 
no seed at all if fertilized only with gal pollen— effectively, they kill it— and 
plants heterozygous for Gal have a partial seed set. It is not clear whether 
the difference is due to alternative Gal alleles or to genetic background ef- 
fects. One inbred line of maize has been found to have Ga expressed only in 
pollen. That is, plants homozygous for this allele can fertilize strong Gal- 
homozygous plants, but they do not select for Gal pollen over gal pollen 
when fertilized themselves. If we imagine this as a molecular lock-and-key 
system, this strain has the key, but no lock. 

Little is known about how Gal acts mechanistically, gal pollen on Gal 
homozygous silks does germinate and penetrate into the style, but its growth 
rate is progressively slower than that of Gal pollen, until growth finally 
ceases well short of the ovules. 

Allele frequencies in various races of maize are typically extreme, with 
many popcorns (which are considered to be primitive) and some Central 
American forms of dent and flint corn being homozygous for Gal, while all 
North American flint and dent corns are homozygous for gal. This is pre- 
sumably the ancestral state, as gal cannot invade a population fixed for 
Gal. 

While Gal is the best-studied gametophyte factor locus in maize, 8 other 
loci with similar behavior have been described, on 6 different chromo- 
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somes. Gametophyte factors have also been reported in barley (Hordeum 
vulgare; Tabata 1961), lima beans {Phaseolus lunatus; Bemis 1959, Allard 
1963), broad beans (P. vulgaris; Bassett et al. 1990) and sugar beets {Beta 
vulgaris; Konovalov 1995). In short, they are widespread in agricultural spe- 
cies, which are the only ones likely to have sufficient genetic work for their 
detection. 

The breeding system is expected to have a very interesting effect on the 
success of gametophyte factors when they first appear and are rare. To see 
this, suppose that G is a gametophytic factor such that in G/g or GIG indi- 
viduals, ^-bearing pollen is prevented from fertilizing the ovules. If we as- 
sume random mating and no pollen limitation (and so the seed set is not af- 
fected), it is easy to show (via simulations) that G has a selective advantage 
of about 0.7 when rare, increasing to 1 when common. But this is the ideal 
case. When G is rare, very little of the pollen arriving will be G (and there- 
fore compatible), while the G-bearing pollen that does arrive is likely to 
come from self or close relatives, and so may be associated with inbreeding 
depression. In short, random mating and full seed set are unlikely, counter- 
ing the benefit in transmission. This suggests that gametophyte factors may 
have a difficult time getting started in self-incompatible species and spread 
more easily in species with a mixed mating system and little inbreeding de- 
pression. In the extreme case of pollen limitation so severe that the seed set 
is proportional to the fraction of arriving pollen that can fertilize the seeds, 
G plants suffer lower seed set and G, when rare, cannot invade a homoge- 
neous population. 
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Selfish Sex Chromosomes 



MOST SPECIES WITH SEPARATE males and females have 2 structurally different 
sex chromosomes in which either males are XY and females XX, or the op- 
posite: females XY and males XX (sometimes called WZ, ZZ, respectively). 
In either case, one sex is heterozygous (or "heterogametic"), and, in princi- 
ple, there is the opportunity for the sex chromosomes in that sex to show 
some form of drive. Because X and Y typically do not recombine with each 
other over much of their length (indeed, that is why they are different), and 
because they contain genes that determine the sex of the organism carrying 
them, the evolution of a driving gene on a sex chromosome raises a number 
of special issues. Most obviously, it means that the driver will distort the ra- 
tio of sons to daughters and, as it spreads, the sex ratio of the entire popula- 
tion. As a practical matter, this makes sex chromosome drive much easier to 
detect than autosomal drive and should ensure that our knowledge of its 
distribution is more reliable. Skewed sex ratios also mean that suppressors of 
drive will automatically be selected for, not only on the opposite chromo- 
some but also on the autosomes, with that selection growing stronger the 
more the population sex ratio deviates from 1:1 (the autosomal optimal). 
Other adaptive responses are also possible. For example, if the sex ratio is fe- 
male biased, there could be selection for a change in the sex-determining 
mechanism to convert what would normally be a female into a male. 
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The lack of recombination between X and Y and the attendant divergence 
between the 2 chromosomes should in some ways make it easier for a driv- 
ing locus to arise (Frank 1991, Hurst and Pomiankowski 1991a, Lyttle 1991). 
We saw in Chapter 2 that autosomal gamete killers typically consist of at 
least 2 loci, a killer and a target. In order for a complex to evolve, a killer al- 
lele has to arise that can target most homologous chromosomes in the pop- 
ulation, but not the one on which it happens to have arisen; and it must be 
closely linked to the resistant allele, so they are not often separated by re- 
combination. Thus, something rather unlikely has to happen, and it is only 
because there are many species, all experiencing occasional mutations and 
chromosomal rearrangements, that killer complexes arise at all. By contrast, 
a killer allele that arises on, say, a Y chromosome, needs only to target any 
sequence on the X in order to spread, and similarly for a killer allele on an 
X. Recall that for SD of Drosophila, the killer allele merely targets a non- 
coding DNA repeat. In most species there must be many repetitive se- 
quences found on the X but not the Y, and vice versa. 

As we shall see, some of these expectations are borne out, but not others. 
We begin by describing in detail the logic and facts regarding the case that 
does best fit expectations, sex chromosome drive in the Diptera. Here, drive 
is common (at least in some genera), and there is good evidence that when a 
driving sex chromosome does arise, suppressors also evolve, both on the op- 
posite chromosome and on the autosomes. Sex chromosome drive provides 
an unusual opportunity for the study of selfish genetic elements— and co- 
evolution by the rest of the genome— because the sex ratio itself provides a 
convenient measure of whose interest is being maximized. We now have ex- 
tensive evidence on this for a variety of species. But driving sex chromo- 
somes are not nearly as widespread outside the Diptera as might be ex- 
pected—given both ease of detection and ease of evolution— and we suggest 
reasons why this may be so. 

Sex chromosomes also permit some other, very interesting possibilities, 
such as sex change followed by drive. For example, in some mammals there 
is a special X* chromosome that converts X*Y males into females, in which 
X* drives (in part, because YY offspring are early lethals). We review these, 
and related cases, in lemmings and other murids. We then discuss more gen- 
erally the possible effects of drive on the evolutionary stability of sex chro- 
mosome and sex-determining systems. Finally, we explore novel ways in 
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which the X and Y could benefit themselves by aligning their body's re- 
production to conditions that, for other reasons, favor the production of 
their sex. 



Sex Chromosome Drive in the Diptera 

Birds and lepidopterans (butterflies and moths) are 2 relatively well studied 
taxa with female heterogamety, and it is a curious fact that there are no well- 
established cases of sex chromosomes showing meiotic drive in either one. 
Among all the male heterogametic taxa, the only species known to have sex- 
linked gamete killers of large effect, analogous to t and SD, are from 1 
taxon, the Diptera (Tiggins et al. 1999). These include both X-linked and Y- 
linked killers, and so we begin our survey of selfish sex chromosomes with 
the flies. Jaenike (2001) gives an excellent review, from which the following 
is largely drawn. 



Killer X Chromosomes 

Killer X chromosomes have been reported in 13 species of Drosophila fruit 
flies and 4 species of stalk-eyed flies, as well as the tsetse fly (Table 3.1); pre- 
sumably these are only a fraction of the species in this group that have 
them. The 13 species of Drosophila are taxonomically diverse, falling into 2 
subgenera and 8 species groups or subgroups, as are the 4 species of stalk- 
eyed flies, which fall into 3 genera. Despite this diversity, there are many 
similarities between the various systems, and we treat them as a single syn- 
drome, noting species differences as appropriate. We designate the killer X 
chromosome as X K , and the males carrying them as SR (for sex ratio). 

Mechanism of action and genetic structure. Little is known about how 
killer Xs work, and nothing is known at the molecular level. In the first mei- 
otic division, all appears normal: the X and Y first pair (in D. melanogaster 
they pair at specific sites in the ribosomal repeat clusters on X and Y; McKee 
et al. 2000), and then segregate normally to opposite poles. The first sign of 
something amiss is in meiosis II, when the sister Y chromatids fail to sepa- 
rate (in D. pseudoobscura, D. simulans, and Cyrtodiopsis dalmanni; Novitski et 
al. 1965, Cobbs et al. 1991, Montchamp-Moreau and Joly 1997, Cazemajor 
et al. 2000, Wilkinson and Sanchez 2001). Then, associated with this, there 
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Table 3.1 Taxonomic distribution of killer Xs in Diptera 



Drosophilidae: Drosophila (fruit flies) 
subgenus Sophophora 
obscura group 

obscura subgroup: D. obscura, D. subobscura 
affinis subgroup: D. affinis, D. athabasca, D. azteca 
pseudoobscura subgroup: D.pseudoobscura, D.persimilis 
melanogaster group: D. simulans 
subgenus Drosophila 

melanica group: D. paramelanka 
tripunctata group: D. mediopunctata 
quinaria group: D. quinaria, D. recens 
testacea group: D. neotestacea 
Diopsidae (stalk-eyed flies) 

Cyrtodiopsis dalmanni, C. whitei 
Diasemopsis sylvatica 
Sphyracephala beccarrii 
Glossinidae 

Glossina morsitans (tsetse flies) 

Species in the same row are closely related and may represent a single origin. From Jaenike 
(2001). 



is a failure of spermatogenesis. In D. pseudoobscura, SR males produce only 
half as many functional sperm as normal males (Policansky and Ellison 
1970). In D. simulans, some SR males have fewer than half the number of 
sperm heads in normal position in the cysts, compared to normal males 
(Montchamp-Moreau and Joly 1997, Cazemajor et al. 2000). This last obser- 
vation indicates that X K s can reduce sperm production by more than one- 
half— that some X K -bearing sperm are affected as well— and so emphasizes 
the spiteful nature of the strategy. 

X K chromosomes usually have 1 or more inversions relative to the normal 
X chromosome— up to 5 in D. athabasca— and in species with metacentric Xs, 
these inversions can be on both arms (e.g., D. affinis, D. paramelanka). By 
analogy with the case of autosomal killers (see Chap. 2), this suggests that 
there are multiple interacting loci involved in producing the drive, and 
thus selection to reduce recombination. For some species, there is direct 
evidence that multiple loci are involved. In D. persimilis, there are at least 
3 different regions of X K that, if replaced by the homologous region from 
the normal chromosome of D. pseudoobscura, will no longer kill (Wu and 
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Beckenbach 1983). In D. subobscura, X K has 4 inversions relative to the nor- 
mal chromosome (denoted 2, 3, 5, and 7), and chromosomes with only 
some of these (2 alone, or 2 + 3, or 2 + 5 + 7) no longer kill (Hauschteck- 
Jungen and Maurer 1976). It appears that many loci can be involved in kill- 
ing, spread right across the chromosome, and that they interact epistatically. 
But this association with inversions is not universal: the X K chromosomes of 
D. simulans and D. neotestacea have none. In the former, the killer factor has 
been mapped to a 170kb region of the X chromosome (and presumably will 
soon be cloned and sequenced; Cazemajor et al. 1997, Derome et al. 2004). 
Recombinants in this region show a wide range of progeny sex ratios, per- 
haps suggesting again that multiple loci are involved (and in this case they 
interact additively). 

Note that the inversions on X K do not prevent recombination between X 
and Y, because that does not happen anyway (male meiosis is achiasmatic in 
Drosophila). Rather, they reduce recombination between a killer and a nor- 
mal X chromosome when both occur in a female. 

Suppressors and polymorphism. If a killer X chromosome arises in a pop- 
ulation, Y chromosomes, which are the main victims, will be strongly se- 
lected to "defend" themselves and prevent the killing. In addition, killer Xs 
lead to skewed sex ratios and also reduce male fertility, so autosomes will be 
selected to side with the Ys and suppress, or even reverse, X drive. Both Y- 
linked and autosomal suppressors have evolved in most species; in some 
species, X K can even show drag (transmission less than 50%), while normal 
Xs are inherited normally. As a consequence of this coevolutionary interac- 
tion between X K and the rest of the genome, species can be polymorphic for 
multiple structural variants of the Y chromosome as well as multiple X K s. 

The interaction between killers and suppressors has been well studied in 
D. simulans. In this species there appear to be 2 major categories of X chro- 
mosomes, standard and sex ratio, though with significant continuous varia- 
tion within each one (Fig. 3.1; Montchamp-Moreau and Cazemajor 2002). 
The sex ratio chromosomes produce extreme sex ratios (80-100% daughters) 
in a susceptible background, but only slightly biased ones (54-58%) in a re- 
sistant one. In a broad geographical survey, populations were seen to fall 
into 3 major groups (Atlan et al. 1997; Fig. 3.2). In some areas, X K is com- 
mon (up to 60%), but resistance is also common, and so X K is rarely ex- 
pressed. In other areas, both X K and resistance are rare or absent. Finally, in 
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X Chromosomes 

Figure 3.1 Degree of drive in 41 X chromosomes randomly chosen from nature from 
Drosophila simulans. 41 males captured from nature were bred to laboratory stocks in 
such a pattern as to produce an average of 28.5 male breeding replications for each X 
chromosome. Horizontal bars link means that are not significantly different (p<0.05) 
within each set. Note that there are 2 clusters, significant variation within each cluster, 
and that each cluster is significantly female-biased. Adapted from Montchamp-Moreau 
and Cazemajor (2002). 



some areas X K is rare, but resistance is common. Thus, in no population is 
X K expressed at a high level, and the trait is usually only apparent in crosses 
between populations. Genetic analysis shows that suppressors are found on 
the Y and on both major autosomes (Cazemajor et al. 1997, Atlan et al. 
2003), and that the Y effects are continuously distributed, rather than all-or- 
nothing (Montchamp-Moreau et al. 2001). In experimental populations 
fixed for X K , both Y-linked and autosomal suppressors increase in frequency 
over time, as expected (Capillon and Atlan 1999). 

Many of these patterns vary among species. For example, the observation 
that X K s are more likely to be effective in an alien background than in the 
native one is reversed in D. subobscura, in which X K from North Africa pro- 
duces more extreme biases in its own background (90-100%) than in a Eu- 
ropean background (—80%), where it is normally absent (Hauschteck- 
Jungen 1990). Also, the continuous distribution of suppressive effects by 
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Figure 3.2 Geographical distribution of killer sex chromosomes and resistance to killer 
sex chromosomes in Drosophila simulans. Multiple individuals were collected from each 
locality and then crossed en masse with standard laboratory tester strains. Separate 
crosses were made to measure the extent of drive in a susceptible background (indicated 
by the symbol) and the degree of resistance to a strong driver (indicated by R, r, or 
nothing). Note that resistance to killing is more widespread than killing, and that there 
are no populations in which killers occur in the absence of resistance. Adapted from 
Atlanetal. (1997). 



the Y is not found in D. mediopunctata, in which there appear to be 2 dis- 
crete classes of Y, susceptible and resistant (Carvalho and Klaczko 1994). 
Moreover, the resistant Y is only resistant against some X K chromosomes 
and is susceptible to others. In natural populations, the resistant Y is in the 
minority (10-20%), and there are also autosomal suppressors at intermedi- 
ate frequencies (Carvalho et al. 1997, 1998). In D. paramelanica also, there 
are 2 types of Y, susceptible and resistant, and again the resistant Y is resis- 
tant against some X K s and not others (Stalker 1961). In this case there is a 
geographical component to the variation, with suppressible X K s in the north 
and insuppressible ones in the south. Both species also have autosomal 
suppressors, which can act against both kinds of X K s (Stalker 1961, Varandas 
et al. 1997). 
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Things are even more complex in D. affinis, in which there are 2 cytologi- 
cally distinguishable X K s (with 2 vs. 4 inversions), and Y chromosomes are 
highly variable in size and shape, and even presence— XO males are fertile in 
this species and make up 3% of the population (Miller and Stone 1962, 
Voelker 1972). The 4-inversion variant does well against some types of Y 
(mean 93% daughters in 4 strains), but poorly against one type (Y L , 55% 
daughters) that the 2-inversion variant does well against (98%). Surprisingly, 
when the Y chromosome is absent (in X K /0 males), the 4-inversion variant 
shows moderate drive (average 65% daughters, with considerable variation, 
from 44-95%). These are the only results we know of that suggest a gamete 
killer need not have a defined target in order to work. Even more surprising: 
the 2-inversion variant self-destructs when there is no Y, giving rise only to 
sons. Normal Xs are inherited 50%, whether or not there is a Y 

D. athabasca has been less well studied, but still shows the correlation 
between X-linked killers and Y polymorphism. There are 3 behaviorally 
isolated semispecies in North America, and the 2 Eastern semispecies have 
X K chromosomes and structurally polymorphic Y chromosomes, while the 
Western semispecies does not appear to have X K s, and Ys are monomor- 
phic (Miller and Roy 1964, Miller and Voelker 1969). In C. dalmanni, X K 
chromosomes produce extreme biases in a permissible background (75- 
100% daughters), but are transmitted less than 50% in a suppressive back- 
ground (37%; Presgraves et al. 1997). Normal Xs are inherited 50% in both 
backgrounds. 

Finally, some species appear to have no suppressors at all— none has been 
found in either D. pseudoobscura or D. neotestacea (Beckenbach et al. 1982, 
James andjaenike 1990, James 1992). At least for D. pseudoobscura, this does 
not appear to be because X K is recent. For a noncoding region within one of 
the inversions, X K and normal alleles differ by 1.4%, suggesting they di- 
verged about lmya (Kovacevic and Schaeffer 2000). 

There is clearly a great deal of variation here in the population genetics of 
X chromosome killers and their suppressors, the origins of which are un- 
known. This variation may reflect substantive differences in the biology of 
killing, or merely chance differences in the response of populations to a 
common selective agent, or indeed different time points in a common long- 
term evolutionary dynamic. Further progress on these evolutionary ques- 
tions will, in part, come when the molecular basis of killing and suppression 
are uncovered. 
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Population biology and extinction without suppressors. The population 
dynamics of killer X chromosomes are expected to differ substantially de- 
pending on whether there are suppressors segregating in the population. 
Consider first the simplest case of no suppressors, as is seen in D. pseudo- 
obscura and D. neotestacea, and a killer X at low frequency. If males are able to 
compensate fully for the lost sperm and suffer no reduction in fertility, and 
if the killer has no other effect on male or female fitness, it will increase in 
frequency, without limit, until all Xs are killers and there are no more nor- 
mal Xs. At this point, if killing is complete (100% daughters), there will be 
no males and the population will go extinct (Gershenson 1928, Hamilton 
1967). 

The frequency of species going extinct due to a driving X chromosome is 
completely unknown. The data from D.pseudoobscura and D. neotestacea sug- 
gest that extinction is not an inevitable outcome, even if no suppressors 
evolve. In D.pseudoobscura, X K chromosomes are rare or absent in the north- 
ern part of the species range (British Columbia), and only reach a maximum 
frequency of 33% further south (the range extends as far as Guatemala; 
Jaenike 2001). Moreover, the frequencies appear to be fairly stable, showing 
little change over a 50-year period in southeast Arizona (Beckenbach 1996). 
In D. neotestacea too, the frequency of X K is 20-30%, with no reason to think 
that its frequency is increasing (James and Jaenike 1990). Obviously, some- 
thing in the simple verbal model described here must be wrong. Two fea- 
tures in particular seem to be important in stabilizing X K frequencies at an 
intermediate frequency: incomplete compensation in males (and diminish- 
ing compensation as the sex ratio becomes more female biased) and delete- 
rious homozygous effects in females (Jaenike 2001). 

First, consider compensation in males. Recall that X K 's modus operandi is 
to prevent Y-bearing sperm from being formed, but it does not increase the 
absolute number of X K -bearing sperm, and may even slightly reduce it. 
Whether X K can spread through a population depends (inversely) on the ex- 
tent to which halving a male's sperm supply reduces his reproductive suc- 
cess. If a male typically mates infrequently, normal testicular turnover may 
be sufficient to replenish sperm supplies between copulations, even if sperm 
production is working at only 50% efficiency. But if males mate frequently, 
they will be unable to compensate and their fitness will suffer. For example, 
mating frequency probably increases with population density, and so we ex- 
pect X K to do less well in high-density populations. Crucially, a male's mat- 
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ing frequency will also increase as X K spreads through a population and the 
sex ratio becomes more female-biased. Thus, the more frequent X K is, the 
more harm it is likely to cause the male, and thus itself. This is exactly the 
sort of relationship that is needed to stabilize X K frequency at some interme- 
diate value. An additional effect in this direction comes because females 
may need to remate more often and SR males may be particularly poor at 
the resulting increase in sperm competition (Jaenike 1996). 

Direct evidence for such effects comes from a number of sources. In pop- 
ulation cages of D. pseudoobscura, X K frequencies decline more rapidly in 
high-density populations than in low-density ones, and more rapidly in 
cages in which flies are allowed to remate than in ones in which they are not 
(Beckenbach 1983). In crosses between virgin males and virgin females, SR 
males sire as many offspring as normal males; but if males are made to mate 
repeatedly, the fertility of SR males is reduced to well below that of normal 
males (Policansky 1974, Beckenbach 1978, Wu 1983a, 1983b). Similar results 
have also been found in D. neotestacea, D. quinaria, D. recens, D. simulans, and 
C. dalmanni (James 1992, Jaenike 1996, Capillon and Atlan 1999, Wilkinson 
and Sanchez 2001, Atlan et al. 2004, Fry and Wilkinson 2004). 

Further experiments with D. neotestacea show that this result is also likely 
to apply in nature: when males are mated immediately after capture from 
nature— and so would have been engaged in normal levels of mating activ- 
ity— SR males sire significantly fewer offspring than do normal males (James 
1992). Moreover, this difference is greatest when the population density in 
the field is greatest and is also greater when males are mated to already- 
mated females instead of virgin females, suggesting that SR males are partic- 
ularly poor at sperm displacement. This is presumably a direct effect of re- 
duced ejaculate size. In D. melanogaster, males that have not recently mated 
typically ejaculate about 5 times as much sperm as can be fitted into a fe- 
male's spermatotheca, and the excess is believed to be useful in displacing 
preexisting sperm of others (Lefevre and Jonsson 1962). 

The greater success of SR males when mating rates are low may account 
for much of the variation in X K frequency within natural populations. In D. 
pseudoobscura, the frequency of X K is highest in southern Arizona, where 
population density is low and flies are active only for a few hours early and 
late in the day— that is, where male mating rate is likely to be relatively low 
(Beckenbach 1978). In D. neotestacea, population densities increase from 
spring to late summer, with a correlated decline in X K frequency (James 
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1992). Also, population density increases with increasing latitude from Vir- 
ginia to Maine, and there is a corresponding (slight) decline in X K frequency. 
Note that any increase in adult numbers due to the spread of X K will tend to 
reduce the fitness of X K , a density-dependent effect that may further stabi- 
lize X K frequencies (Atlan et al. 2004). 

In addition to these male fertility effects, X K may also have deleterious ef- 
fects on female fitness, particularly when homozygous, and this effect may 
also limit the extent to which X K spreads. Such effects can be expected soon 
after the killing alleles arise, because linked loci will be made homozygous. 
Also, as inversions on X K chromosomes arise, they will reduce the frequency 
of recombination and thus the efficacy of selection (e.g., in removing dele- 
terious mutations). In addition, because normal chromosomes are in the 
majority, beneficial mutations are more likely to arise on them and may not 
get introduced onto X K . Over time, X K may fall further and further behind 
the normal X in terms of adaptation. Finally, to the extent that there are sex- 
antagonistic loci, female-benefiting mutations will be less favored on X K 
than on normal Xs, because X K is getting a larger fraction of its transmission 
through males (and normal Xs are expected to become more female bene- 
fiting). 

So, do killer Xs ever cause species extinction? The fact is, we do not know. 
On the one hand, the frequency-dependent effects of killer Xs on male fer- 
tility seem almost inevitable, and the highest frequencies of X K observed in 
D. pseudoobscura or D. neotestacea (both of which appear to lack suppressors) 
are about 30-35%, producing a population-wide sex ratio of 65-70%, which 
seems a long way from endangering any population. Indeed, such modest 
female-biased sex ratios seem more likely to increase population productiv- 
ity and so reduce the likelihood of extinction. That is, killer Xs might be fa- 
vored at the species level. On the other hand, looking at species that have 
not gone extinct is hardly a reliable guide to those that have (Carvalho and 
Vaz 1999, Taylor and Jaenike 2002, 2003). 

Population biology with suppressors. Now consider those species in which 
there are Y-linked or autosomal suppressors. Though careful modeling is re- 
quired, it seems that two diametrically opposed consequences may follow. 
First, if the frequency of X K is primarily limited by deleterious female fitness 
effects, these effects will likely continue in the presence of the suppressors. 
If the suppressors go to fixation, X K will have no transmission advantage in 
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males, but it will be at a disadvantage in females, and so will be lost from the 
population. This may lead to populations such as are found in D. simulans, 
in which X K is rare but resistance is common (Atlan et al. 1997; see also Hall 
2004, Vaz and Carvalho 2004 for detailed modeling). 

By contrast, if the frequency of X K is primarily controlled by sperm limi- 
tation, the return to a more equitable sex ratio due to the spread of the 
suppressors might actually allow X K to increase further in frequency, be- 
cause a more balanced sex ratio would reduce sperm limitation. In this case, 
it would be possible for the spread of a suppressor to facilitate the spread of 
X K , and both could go to fixation (Box 3.1). 

Some (admittedly uncompelling) support for this notion comes from the 
relatively high frequency of X K in some species with suppressors. In D. simu- 
lans, X K can have a frequency up to 60% (Atlan et al. 1997). In D. para- 
melanica, it can be up to 40% (Stalker 1961). On the other hand, Varandas et 
al. (1997) argue that the presence of suppressors has reduced the frequency 
of X K in D. mediopunctata. 

Note that if X K and its suppressors do go to fixation, killing will be de- 
tected only in between-population or between-species hybrids. Intriguingly, 
there is a subspecies of D. pseudoobscura around Bogota, Colombia, and Fi 
hybrid males from a Bogota-North American cross, though only weakly fer- 
tile, produce extreme progeny sex ratios (90-95% daughters) that are not 
due to differential mortality (Orr and Irving 2005). One possible explana- 
tion is that a killer X has gone to fixation in the Bogota subspecies, as well as 
a suppressor, but the X is still active in the North American genetic back- 
ground. Some of the factors affecting X suppression in Bogota are known to 
be autosomal. Also, D. simulans is thought to be fixed for a cryptic killer al- 
lele on the X (in addition to the one currently segregating in the popula- 
tion), which is expressed only in crosses with D. sechellia (Dermitzakis et al. 
2000; see also Tao et al. 2001). It has been suggested that Stellate, an X-linked 
multicopy repeat in D. melanogaster, could be a relict killer, now suppressed 
by a multicopy repeat on the Y (Hurst 1992, 1996), but direct evidence fails 
to support this interpretation (Robbins et al. 1996, Belloni et al. 2002). 

Frank (1991) and Hurst and Pomiankowski (1991a) have suggested that 
divergent fixation of sex-linked killers and suppressors in different popula- 
tions could account for the strong tendency in hybrids for the heteroga- 
metic sex to be sterile or lethal— that is, that it could account for Haldane's 
Rule. This effect may have some contributory role in the Diptera; but the 
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BOX 5.1 

Spread of a Killer X and an Autosomal Suppressor: 
An Example Trajectory 



The figure in this box shows the spread of a killer X through a pop- 
ulation, and the associated decline in the proportion of males. X K 
does not go to fixation but instead goes to an intermediate equilib- 
rium frequency because the fitness of X K -bearing males is assumed 
to decline as the population becomes more female biased (spe- 
cifically, we assume it is Min[l,(5— 4/)/3], where /is the proportion 
of females in the population). Then, in generation 200 a dominant 
autosomal suppressor allele is introduced that restores Mendelian 
inheritance and normal fertility. It spreads rapidly, increasing the 
frequency of males, which in turn allows X K to go to fixation. The 
suppressor also, eventually, goes to fixation. It is possible, then, for 
killer Xs and suppressors to each go to fixation within a population, 
after which the only sign of biased sex ratios may be in crosses with 
other populations or species, when killer and suppressor are dissoci- 
ated. We do not know how frequently this situation occurs in na- 
ture. 
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low frequency of killer or driving sex chromosomes outside the Diptera, 
even in taxa that do conform to Haldane's Rule (e.g., mammals, birds, 
Lepidoptera), suggests that it may not be of general importance. Direct 
tests of the theory in Drosophila produce mixed results. For example, 4 spe- 
cies pairs whose hybrids are semisterile fail to show any bias in progeny 
sex ratios, as might be expected if partially suppressed drive were causing 
the semisterility (Johnson and Wu 1992, Coyne and Orr 1993, see also 
Goulielmos and Zouros 1995). However, recent work has revealed several 
crosses in Drosophila in which some sterility is associated with some sex ratio 
bias (Tao et al. 2001; Orr and Irving 2005). For example, a small (80kb) 
autosomal segment of Drosophila mauritiana, when introgressed into the ge- 
nome of D. simulans, generates males that produce female-biased sex ratios 
and also suffer from reduced fertility. More plausible general explanations 
for Haldane's Rule are reviewed in Coyne and Orr (2004). 

Killer Y Chromosomes 

Y-linked loci that disrupt the formation of X-bearing sperm have been re- 
ported in 2 mosquito species, Aedes aegypti and Culex pipiens (Wood and 
Newton 1991). In both species, the Y chromosome is still quite similar mor- 
phologically to the X, and presumably still shares substantial sequence simi- 
larity with it— that is, it is not the largely degenerate Y seen in many other 
species. In Aedes, both Y and X are metacentric, and the sex-determining lo- 
cus (M/m males; m/m females) does not recombine with the centromere. 
As well as carrying the M allele, some Ys also carry a D (Distorter) allele, and 
MD/md males produce extreme sex ratios (>90°/o sons). The D locus is 
1.2cM away from the M and the centromere (i.e., the rate of recombination 
between D and M is 1.2%; Newton et al. 1978). There also appear to be 2 
other sex-linked loci, A and t, which can modify the action of D (Wood and 
Newton 1991). 

Cytological investigations of distorter males show that the X chromo- 
some has a high probability (~92°/o) of breaking during the first meiotic di- 
vision (Newton et al. 1976). Almost all the breaks (~97°/o) are at 1 of 4 posi- 
tions on the X, all of which are in a region where crossing-over with the Y is 
rare or absent. Because breaks are especially likely to occur in a chromo- 
some arm if that arm has a crossover during that meiosis, the breakage may 
occur as part of a failed crossover (meiotic recombination is initiated by 
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DNA breaks; see Chap. 6). It is very interesting that Y chromosomes are 
also broken, though at a much reduced rate (~9°/o), especially because these 
breakpoints are the same on the Y as on the X. This is clear evidence that 
(once again) killing is a spiteful strategy. As a consequence, distorter males 
produce fewer functional sperm than normal males, and their sperm sup- 
plies are depleted more rapidly (Hickey and Craig 1966b). Curiously, dis- 
torter males are superior to other males in rate of larval development, sur- 
vival through immature stages, adult longevity, and mating competitiveness 
(Hickey 1970). Chromosome breakage is also associated with the killer Y in 
C.pipiens (Sweeny and Barr 1978). 

Geographical surveys of A. aegypti have shown that D is present in some 
populations and not in others; but wherever it is present, there is also sub- 
stantial resistance, and so sex ratios are not severely biased (50-61% sons; 
Wood and Newton 1991). This is reminiscent of the D. simulans pattern. In 
lab crosses, X chromosomes show a more or less continuous variation in 
sensitivity to distortion (Wood 1976, Suguna et al. 1977). Some resistant Xs 
even show modest drive against MD chromosomes producing female- 
biased sex ratios (Wood 1976, Owusu-Daaku et al. 1997). This suggests Y self- 
destruction (reminiscent of X self-destruction in D. affinis and C. dalmanni). 

For several reasons, Y drive is expected to more easily cause population 
extinction than X drive. Y drive is 3 times stronger than X because it recurs 
every generation, while an X drives only every third (Hamilton 1967). X 
drive also leads to population expansion, while the Y leads to population 
contraction. In addition, in a population without suppressors, a Y K that 
spreads through a population would bias the sex ratio toward males and 
each male would have fewer chances to mate with a female. Thus, sperm 
limitation becomes less of a problem and there is not the same self-limita- 
tion for killer Ys as there is for killer Xs. One possible exception occurs if dis- 
torter males suffer disproportionately from sperm competition, because this 
becomes more common as a killer Y spreads. 

Taxonomic Distribution of Killer Sex Chromosomes 

This survey of killer sex chromosomes raises two obvious questions. First, 
why are killer sex chromosomes so much more common in dipterans than 
in other well-studied male heterogametic taxa like mammals? Second, 
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within the dipterans, why does the relative frequency of killer Xs and killer 
Ys appear to differ between taxa (e.g., Drosophila vs. Aedes/ Culex)} 

Considering first the difference between dipterans and mammals, 1 ex- 
planation is suggested by the observation that, in mammals, the sex chro- 
mosomes are inactivated during male meiosis, whereas this does not oc- 
cur in Drosophila (McKee and Handel 1993, contra Lifschytz and Lindsley 
1972). In mammals, transcription from the sex chromosomes appears to 
stop sometime early in meiotic prophase; cytologically, this is associated 
with the sex chromosomes becoming heterochromatic, forming a "sex vesi- 
cle" or "sex body." This behavior is specific to the sex chromosomes in male 
meiosis: autosomes continue to be transcribed and do not become hetero- 
chromatic, and the X chromosomes behave normally during female meio- 
sis. One consequence of this inactivation is that "backup" copies of some X- 
linked genes have been selected for on autosomes that are only expressed in 
meiotic and postmeiotic cells (Emerson et al. 2004). Another plausible con- 
sequence is that the evolution of gamete killers on the sex chromosomes is 
rendered more difficult. 

In Drosophila, after chromosome pairing, the chromosomes decondense 
and are transcribed throughout the spermatocyte growth period, until the 
meiotic divisions begin, and the X does not differ much in this from the 
autosomes (Kremer et al. 1986). The Y chromosome is also actively tran- 
scribed in the spermatocyte, forming large "lampbrush loops" (Bonaccorsi 
et al. 1990). Such activity would also allow the expression of killers. Inter- 
estingly, the degree of X-chromosome activity during male meiosis varies 
among dipteran families (e.g., active in Drosophilidae, Trypetidae, robber- 
flies, batflies, and Phrynidae; inactive in Tipulidae, Mycetophilidae, and 
Anopheline mosquitoes; McKee and Handel 1993). It would be interesting 
to know whether the frequency of killer sex chromosomes varies accord- 
ingly. 

Why did meiotic sex chromosome inactivation evolve? One possibility is 
that it evolved to suppress some sex-linked killer(s) of the past (Haig and 
Grafen 1991). But we would then have to explain the continued activity of 
the sex chromosomes in male Drosophila as being due to some constraint, 
such as there being too many genes on them that are essential for spermato- 
genesis. Alternatively, McKee and Handel (1993) propose that inactivation 
is a side effect of chromatin remodeling that protects heteromorphic sex 
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chromosomes from recombining. Such chromosome-wide protection is not 
possible in Aedes and Culex because X and Y do recombine, and it is not 
necessary in Drosophila because no recombination happens at male meiosis 
anyway. Indeed, all the dipteran taxa we listed as having sex chromosome 
activity have achiasmate male meiosis; among those with inactive sex chro- 
mosomes, male meiosis may be chiasmate (Tipulidae and Anopheline mos- 
quitoes) or achiasmate (Mycetophilidae). 

According to this logic, killer sex chromosomes are not found in mam- 
mals because sex chromosomes are inactivated before the killer alleles can 
be expressed. And not all dipterans are susceptible— only those that do not 
have this inactivation system, either because there is no danger of X and Y 
recombining {Drosophila), or because X and Y typically do recombine over 
much of their length {Aedes and Culex). 

Regarding the relative frequency of X and Y drive, we suggest X drive is 
more common in Drosophila simply because their X chromosomes have 
many more genes than their Ys, and so there is that much more opportunity 
for a killer mutation to arise on the X. By contrast, in Aedes and Culex the X 
and Y are only slightly diverged, and presumably differ little in the number 
of genes. In this case, it may be that killer Ys are more likely to arise because 
recombination in females can break up multilocus killer complexes on the 
X, but not on the Y. In addition, harmful effects on female fitness may pre- 
vent a killer X from spreading, but are irrelevant to a killer Y But with only 
two examples, it is not even possible to say that killer Ys are more common 
in mosquitoes than killers Xs. 

One other factor that might be important in the origin of killers is the age 
of the sex chromosomes. If a sex chromosome is ancient, it seems plausible 
that all killer mutations that can easily arise from its genes will have long 
since arisen and been suppressed. But if a new sex chromosome evolves 
(e.g., due to movement of the sex-determining genes or a translocation of 
autosomal genes onto the sex chromosomes), there will be a fresh set of 
mutational possibilities. It is interesting in this regard that the loci responsi- 
ble for X drive in D. persimilis and D. pseudoobscura are on the right arm of 
the chromosome, which is equivalent to an autosomal element in most 
other Drosophila species (Patterson and Stone 1952). As we have already 
noted, both killer Ys have arisen in species with only partially diverged sex 
chromosomes, which suggests recent origin. And we will see in a later sec- 
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tion that the unusual forms of driving sex chromosomes in lemmings may 
be associated with recent translocations. 



Evolutionary Cycles of Sex Determination 

We end our review of dipteran sex chromosome killers with some specula- 
tions about how they may have been important selective agents for changes 
in the sex-determining mechanism. As we have seen, killer sex chromo- 
somes lead to a skewed sex ratio, which selects for some sort of compensat- 
ing change by the rest of the genome. At least in Drosophila, the most com- 
mon type of response is for a suppressor to evolve, often on the Y, the main 
victim. In some cases, there may be additional responses in the sex chromo- 
some system. The evolution of fertile XO males in D. affinis may be due to 
the presence of a killer X in that species, and in one experimental D. melano- 
gaster population constructed to have a killer Y, a supernumerary sex chro- 
mosome system evolved (Lyttle 1981). 

Selection may also favor changes in the sex-determining mechanism. For 
example, if there is a killer X and the sex ratio is female biased, a mutation 
that converted what would normally be a female into a male might be se- 
lected (Bull and Charnov 1977, Werren and Beukeboom 1998). This has not 
occurred in Drosophila, presumably because the Y chromosome has genes 
essential for male fertility, and so XX males are sterile. Similarly, in mosqui- 
toes a new dominant feminizing mutant that turned XY individuals into fe- 
males would, in the next generation, give rise to YY progeny. If the Y has de- 
generated at all, such individuals may be lethal or sterile, costing a female a 
quarter of her reproduction. Thus the evolution of heteromorphic sex chro- 
mosomes can constrain evolutionary changes in the sex-determining system 
(Bull and Charnov 1977). Certainly the sex-determining mechanism ap- 
pears to be stable in Drosophila, the same hierarchy of genes being observed 
in D. melanogaster and D. virilis, which have been separated for some 60my 
(Marin and Baker 1998). But heteromorphic sex chromosomes and stasis 
are not universal among dipterans, and in some genera the sex-determining 
system is highly dynamic. In species in which sex is determined by a domi- 
nant masculinizer (M) gene, the gene may be found on different chromo- 
somes in closely related species, or even in the same species (e.g., Culex, 
Eusimulium, Chironomus, Megaselia, Musca; Traut 1994, Blackman 1995). In- 
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deed, the M factor in some species appears to move between chromosomes 
at an appreciable rate, as if it were incorporated in a transposable element 
(Traut and Willhoeft 1990). And in Musca, there are both male and female 
heterogametic systems. 

Perhaps some of this diversity has evolved in response to the spread of 
driving sex chromosomes (for whose existence in Musca there is provisional 
evidence, reviewed in Jaenike 2001). After a male heterogametic system 
evolves, the X and Y will begin to diverge. In many dipterans there is no 
recombination in males (White 1973), and the 2 chromosomes will begin 
to diverge immediately, along their whole length; in other dipterans, re- 
duced recombination is expected to gradually evolve between X and Y due 
to selection for genes with sex-specific beneficial effects ("sex antagonistic" 
genes; Fisher 1931, Bull 1983). In either case, as already noted, such diver- 
gence will facilitate the evolution of a killer complex. If a killer X chromo- 
some evolves, it will produce a female-biased sex ratio, and as long as the X 
chromosome has not yet lost essential male-specific genes, one simple re- 
sponse is for the M allele to be copied to a new chromosome. This would 
rebalance the sex ratio and free the killer to go to fixation. With M on a 
new chromosome, the whole process could start again. If, the next time, 
a killer Y evolved, a male-biased sex ratio would result, and a simple re- 
sponse would be for a dominant feminizer to arise. Its spread would re- 
balance the sex ratio and allow the killer to go to fixation, resulting in 
a female-heterogametic sex-determining system, which could then reevolve 
to male heterogamety, and so on, until such time as the Y evolved unique 
and essential genes not found on the X and the sex-determining system be- 
came difficult to change. Testing these ideas will require better knowledge of 
the molecular genetics and evolution of dipteran sex-determining mecha- 
nisms, current areas of active research (Box 3.2). In addition to genetic 
conflicts, parasitic endosymbionts could also play a role in the evolution- 
ary dynamics of sex-determining systems, as could mother-offspring con- 
flicts (Werren and Beukeboom 1998, Werren and Hatcher 2000, Werren 
et al. 2002). 

Feminizing X (and Y) Chromosomes in Rodents 

In this section we review a class of selfish sex chromosomes that drive by 
first reversing the sex of their host. In all known cases, an XY male is con- 
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BOX 5.2 

Molecular Biology of Dipteran Sex-Determining Systems 

Sexual differentiation is controlled by different genes being turned 
on and off in males and females. In Drosophila this differential ac- 
tivity is largely controlled by a pair of transcription factors that are 
derived from alternative splicing of the same transcript (Schiitt and 
Nothiger 2000). That is, there is a gene {doublesex, dsx) that is tran- 
scribed into RNA and then spliced in one of two ways, making ei- 
ther of 2 transcription factors, DSXM or DSXF. The former acti- 
vates male genes and suppresses female genes, while the latter does 
the opposite, activating female genes and suppressing male genes. 
Most somatic sexually dimorphic characters are determined by dsx. 
Homologs of dsx have been found in other dipterans {Megaselia, 
Bactrocera, Musca, and Ceratitis), and in all these species dsx has 
male- and female-specific transcripts. At least in Drosophila, the de- 
fault is for the dsx transcript to be spliced to give DSXM, the male 
transcription factor. However, if another gene (transformer, trd) is ac- 
tive, one gets the female-specific splicing, tra, then, is a dominant 
feminizer. 

In principle, these 2 genes are all one needs for a sex-determining 
system. There could be 2 tra alleles, functional and nonfunctional; 
the former would be a dominant feminizer, the chromosome it was 
on would be a Y, and the species would be female heterogametic. 
But female heterogamety is rare in dipterans (Blackman 1995, 
Marin and Baker 1998). Much more common are male hetero- 
gametic species, the most widespread system having a dominant 
masculinizer gene. Starting from the dominant feminizer system, 
the simplest change that would give a dominant masculinizer and 
male heterogamety would be for a dominant mutation to arise that 
suppressed the activity of tra (Schiitt and Nothiger 2000). Such a 
mutation (call it M) could be selected if, from the autosomes' per- 
spective, the population sex ratio was female biased (due, for exam- 
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pie, to Y drive or a cytoplasmic feminizer; Hamilton 1993, Caubet 
et al. 2000). The frvz-bearing chromosome could then go to fixation, 
and M would increase in frequency to 0.25, its chromosome would 
be the new Y, and the species would be male heterogametic. In 
principle, female heterogamety could then arise via a constitutively 
active allele of tra that was no longer suppressed by M (Schiitt and 
Nothiger 2000). 

In Drosophila itself, sex determination is more complex than it 
appears to be in many other dipterans, as tra activity is dependent 
upon sxl activity, and sxl activity is dependent upon the ratio of X 
chromosomes to autosomes (Schiitt and Nothiger 2000). We can 
think of two scenarios by which such a system evolved. First, sup- 
pose the ancestral state was a dominant masculinizer. Because there 
is no recombination in males, the X and Y quickly start to diverge, 
and the Y chromosome will degenerate over evolutionary time, due 
to the absence of recombination. As a consequence, the expression 
of X-linked genes (relative to autosomal genes) will differ between 
males and females. Now, male and female embryos will differ not 
only in the presence of the masculinizing protein but also in the 
concentration of X-linked proteins. For example, sxl is an X-linked 
gene making an RNA-regulating protein, and assuming this was 
also true in the ancestor, once it degenerated off of the Y chromo- 
some, its concentration would be 2-fold greater in females than 
males. And if there was selection on another gene to have differen- 
tial expression in the 2 sexes, the gene might evolve to be respon- 
sive to the presence of sxl (as opposed to responding to the pres- 
ence of the masculinizer). For example, other X-linked genes, as 
they degenerate off of the Y, might evolve higher expression levels 
to compensate for being haploid in males, and then might evolve 
to be repressible by sxl, thereby reducing the impact on females. In- 
deed, many X-linked genes that are expressed early in Drosophila de- 
velopment are repressed in females by the presence of sxl (Schiitt 
and Nothiger 2000). In principle, the 2-fold difference in sxl con- 
centrations could be amplified if sxl needed to bind at multiple 
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sites to have an effect— a 2-fold difference could become 4-fold, 8- 
fold, and so on. Also, a transcription factor (msl-2) has evolved to 
be responsive to the presence of sxl, and many X-linked genes are 
now responsive to msl-2. This is how the majority of dosage com- 
pensation between the sexes is achieved. Likewise, the somatic sex 
determiner tra could itself have evolved to be responsive to sxl. 
And, at some point (perhaps early on), sxl evolved a more robust 
(and beautifully intricate) system for its own control, involving 
autoregulatory feedback loops, so differences in sxl expression be- 
tween the sexes became all-or-nothing rather than 2-fold. By this 
scenario, it is no accident that sxlis sex linked or that it is active in 
females and not males. 

Alternatively, sxl might have been controlling sex-antagonistic 
genes— genes that are beneficial in one sex but not the other— and so 
was itself a sex-antagonistic gene. Rather than sxl evolving to come 
under the control of dsx (as one usually imagines for sex-antagonis- 
tic genes), tra might have evolved to come under the control of sxl— 
an alternative way of achieving the same thing, namely, sex-specific 
expression. 



verted into a female; but in some species, genes on the X cause the sex 
change, while in others the genes are on the Y. This turns out to be a crucial 
difference. Genes on an X* chromosome that cause a male to develop into a 
female may benefit from the early abortion of the novel YY offspring that 
an X*Y mother produces, but this same effect imposes an immediate cost 
on a novel Y* chromosome that causes sex reversal, because Y* now causes 
its own early abortion in half the offspring containing it. Feminizing X chro- 
mosomes have been studied intensively in several lemming species. They 
display a complex and interesting dynamic in which the initial spread of the 
feminizing X sets in motion a series of effects on maternal traits (such as 
ovulation rates) and on both the Y chromosome and the original X, with re- 
turn effects on itself. Feminizing Ys in Akodon rodents have also been stud- 
ied in some detail, but here the information is more in the form of an 
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enigma. Despite some suggestive evidence, it is not yet clear how these spe- 
cial Ys achieve their advantage. 

The Varying Lemming 

In the varying lemming Dicrostonyx torquatus, some of the X chromosomes 
(designated X*) are special in that they suppress the normal male-determin- 
ing function of a Y chromosome, so X*Y individuals are female (Gileva and 
Chebotar 1979, Gileva 1980, Gileva et al. 1982, Gileva 1987). Thus, there 
are 3 kinds of females: XX, XX*, and X*Y; and males are XY When X*Y fe- 
males go through meiosis, they produce both X*- and Y-bearing eggs, each 
of which can be fertilized by X- or Y-bearing sperm. If a Y egg is fertilized by 
a Y sperm, the resultant YY zygote is inviable, as it is missing all the essen- 
tial genes on the X chromosome. Thus, half the Y-bearing eggs die soon af- 
ter fertilization, and fully two-thirds, rather than the Mendelian 50%, of the 
viable progeny produced by an X*Y female carry X*. In general, rodents 
ovulate more eggs than they implant and implant more than they give birth 
to, so there is often substantial natural abortion during the gestation period. 
Therefore, the reproductive output of X*Y females need not be reduced by 
a quarter— and may not be reduced at all. In this case X* can increase in fre- 
quency when rare, but (unlike the dipteran sex chromosome killers) it is 
never expected to reach fixation (Bengtsson 1977). As X* increases in fre- 
quency, the population sex ratio becomes female biased, and so the benefit 
of changing an individual from male (the rare sex) to female (the common 
sex) decreases until X outreproduces X*, thereby stabilizing X*'s numbers. 
In the simplest situation of no fertility differences among the 3 types of fe- 
males and no segregation distortion other than that due to the inviability of 
YY zygotes, the equilibrium frequency of XX, XX*, and X*Y females would 
be 60:20:20%, and together females would constitute 58% of the popula- 
tion (Bull and Bulmer 1981). 

Several features of the Dicrostonyx system deviate somewhat from this 
simplest model. First, when X* first arose, the fertility of X*Y females was 
probably not identical to that of the other 2 classes of females. This is indi- 
cated by their higher ovulation rate, presumably an adaptation that arose 
subsequent to the origin of X* (Gileva et al. 1982). Even now, the best esti- 
mate is that X*Y females have only 87% of the reproductive output of XX or 
XX* females, though this is not significantly different from 100% (Gileva 
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1987). Reduced fertility of X*Y females may be expected both because of 
the death of YY zygotes and the unmasking of female-specific deleterious 
recessives on the single, unguarded X*. Note, though, that the fertility of 
X*Y females must have been at least 75% of that of the other types of fe- 
males or the X* chromosome would not have spread. 

The second complication is that the males, which are XY, appear to pro- 
duce a disproportionate fraction of sons (—56%; Gileva 1987). Such drive is 
adaptive from the male's point of view. The female-biased population sex 
ratio produced by X* selects for males (or, more precisely, autosomal genes 
in males) that produce a disproportionate fraction of Y-bearing sperm, so 
that such males produce more sons. However, the selective dynamics here 
are quite complex, because Y-bearing sperm also run the risk of fertilizing a 
Y-bearing egg, and the maximum drive that can be stably selected for in 
males is 60% Y sperm, with lower values if the relative fertility of X*Y fe- 
males is less than 1 (Bulmer 1988). Moreover, because the Y chromosome 
shows drive at the expense of the X chromosome, the frequency of the latter 
goes down, and therefore the frequency of X* goes up, and the eventual ef- 
fect is that the population-wide sex ratio becomes more female biased (Fig. 
3.3). It would be interesting to confirm whether males are indeed responsi- 
ble for the observed segregation distortion, for that would suggest that male 
mammals can evolve alternative sex ratios in response to a particular selec- 
tion pressure. Jarrell (1995) suggests an alternative explanation: the biased 
segregation may be a postzygotic effect of XX females suffering more from 
inbreeding depression than XY males. 

If the observed female fertilities and male segregation ratios are used to 
calculate equilibrium frequencies of the various genotypes, the expected 
proportion of X*Y genotypes among females is 42% and the expected over- 
all proportion of females is 69%. These expectations are very close to the 
values observed for captive populations (36% and 63%, respectively; Gileva 
1987). 

The Wood Lemming 

The wood lemming Myopus schisticolor also has a dominant feminizing X* 
chromosome (Fredga et al. 1976, 1977). In this case, cytological studies have 
shown that X* has a deletion and inversion in the short arm, compared to 
the normal X (Fredga 1988, Liu et al. 1998, 2001). The deletion is about 7% 
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Figure 3.3 Expected frequency of different sex types in the varying lemming as a func- 
tion of the segregation ratio in males. Calculated from equations in Bull and Bulmer 
(1981), using observed fertilities for the 3 types of females (there is no qualitative 
change if equal fertilities are used). Note that if males were to bias segregation in favor 
of X, then X* could be driven out of the population; however, they are selected in the 
opposite direction, to favor Y, thereby increasing the frequency of X s " and the overall 
sex ratio bias. 



of the total length of the short arm, probably equivalent to 1Mb or more. 
The main difference in this species compared to the varying lemming is that 
X*Y females produce only X* eggs and no Y eggs (Winking et al. 1981). This 
is achieved by a double nondisjunction in the female germline in which, at 
some particular set of mitotic divisions, the X*s stick together and go to one 
pole and the Ys stick together and go to the other. YY daughter cells do not 
contain essential X-linked genes and degenerate, and so only X*X* cells pro- 
ceed through meiosis and develop into X* eggs. These are fertilized by X- or 
Y-bearing sperm, and in either case develop into daughters. Thus, X* is 
passed on to 100% of the progeny of X*Y females, all of which are daugh- 
ters. Consequently, one expects a higher equilibrium frequency of X* and a 
more extreme sex ratio bias than in the varying lemming. In the simple 
model of no fertility differences and no other segregation ratio distortion, 
the 3 females are expected to be equally frequent and fully 75% of the popu- 
lation are expected to be female. 

The genetic basis of this double nondisjunction is not known and would 
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be interesting to study— in particular, to determine whether it is due to 
X-linked or autosomal genes. While it is easy to see why an X-linked gene 
causing this behavior would spread through the population, it is less clear 
whether an autosomal gene would (Maynard Smith and Stenseth 1978, Bull 
and Bulmer 1981). From the autosomes' point of view, the increased fertil- 
ity due to the absence of YY zygotes is a plus, but the increased frequency of 
daughters is a minus: at the equilibrium of 75% females, a son is 3 times 
more valuable than a daughter. It was once thought that the extreme popu- 
lation cycles of lemmings induced a sufficiently structured population in 
the low-lemming years that even the autosomes were selected to produce a 
female-biased sex ratio (Stenseth 1978, Maynard Smith and Stenseth 1978), 
but the data suggest otherwise (Stenseth and Ims 1993). Isozyme and chro- 
mosome frequency data fail to reveal inbreeding in low-population years, as 
might be expected if local mate competition were common (Gileva and 
Fedorov 1991). Likewise, sex ratios vary from year to year, but this variation 
is not associated with low- or high-lemming years (Eskelinen 1997). And 
preferred habitat seems to produce large, continuous populations with little 
clumping, even in moderate lemming years (Ims et al. 1993). Another possi- 
bility is that X* evolved a maternal-effect killer genotype, killing all male 
progeny in utero, in which case it would be in the autosomes' interest not to 
produce any males anyway. 

Interestingly, X*Y females appear to be more fit than X*X and XX females 
(Bondrup-Nielsen et al. 1993, Fredga et al. 2000). At birth, X*Y females are 
about 8% heavier than XX* littermates (Fredga et al. 2000). In nature, X*Y 
females mature more quickly and have a higher pregnancy rate than do XX* 
females, which in turn have a higher rate than do XX females. X*Y females 
have half the oocytes of XX* females and 40% less somatic ovarian tissue 
but twice the frequency of growing oocytes, and there is no significant dif- 
ference in mean litter size (Fredga et al. 2000). The reason for these differ- 
ences is not clear— it may reflect an effect of the Y, which is expected to be 
more selfish in utero because it is normally inherited from the father (Hurst 
1994; see Chap. 4), but this requires that the Y act selfishly in a female be- 
cause it was selected to act that way in a male. It has no self-interest of its 
own to express in an X*Y female because it will not be transmitted by her 
(nor by any of her littermates). 

Another alternative is to consider the viewpoint of X*. Because it is only 
found in females, it is selected to become a female-benefiting chromosome, 
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unencumbered by selection for male benefit. In other words, all sexually an- 
tagonistic genes benefiting females are favored, not just those whose benefit 
in females exceeds the cost in males (Rice 1992, Chippindale et al. 2001). 
Set against this is the fact that recombination between the X and the X* 
seems to be suppressed only along the portion of the small arm of X* in- 
volved in sex reversal. The rest of the X* shows the same G-banding as the X 
(Herbst et al. 1978, Akhverdyan and Fredga 2001), suggesting that recombi- 
nation has suppressed differentiation. In addition, an X* Y mother and her 
brood are all identically related to each other on the X*, thus reducing po- 
tential conflict. This agreement may be especially important where relative 
valuation of X*Y females is concerned. Because of X* drive, from the stand- 
point of an X* chromosome, X*Y females are twice as valuable as X*X fe- 
males. This is true whether the X* expressing the preference is located in the 
X*Y female, her X*X littermate, or her X*Y mother. The X* Y may use the Y 
as a cue to appropriate action or may permit selfish Y expression because 
this benefits the X*. Finally, X*Y females get to enjoy a uterus in which 
males are absent (Bondrup-Nielsen et al. 1993). In mice and gerbils, being 
gestated between individuals of the opposite sex has negative reproduc- 
tive consequences, apparently due to diffusion of sex hormones within the 
uterus (vom Saal 1981, Clark and Galef 1995). 

As in the varying lemming, X*Y females are more frequent than expected 
on the assumption that the 3 classes of females are equally fit: data from the 
wild show that 45% of all females are X*Y (Fredga et al. 1993). There is no 
difference in survival rates between the 3 kinds of females, so the excess of 
X*Y females presumably reflects their greater fecundity (Bull and Bulmer 
1981). 

Two curious facts invite interpretation. Males appear to survive better 
than females because 20% of young animals are male, but 50% of old are 
male (Bondrup-Nielsen et al. 1993, Fredga et al. 1993). The usual pattern in 
microtine rodents (as in mammals more generally) is for males to show 
lower survival than females (Krebs and Myers 1974). Perhaps the great excess 
of females reduces the chance of high variance in male reproductive success, 
thereby putting a premium on male survival as a key factor affecting ulti- 
mate success. The second fact is that X*Y females appear to cluster with 
each other more tightly than do the other categories of females (Ims et al. 
1993). Because the former are never gestated near males, which in mice 
(vom Saal and Bronson 1978) and another microtine (Ims 1987) is associ- 
ated with later decreased sociality, X*Y female wood lemmings may be 
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more sociable. In addition, from the standpoint of X*, X*Y females are 
uniquely valuable, perhaps leading to stronger selection for mutual support. 
Finally, there appears to be some association between these feminizing 
X* systems and X-autosome translocations, though the significance of this is 
not clear. In particular, in D. torquatus there has been a fusion between the X 
and the largest autosomal arm in the karyotype, and in the sibling species D. 
groenlandicus (which also has an X* chromosome), there has been a fusion 
between the X and another autosomal arm (Jarrell 1995). In M. schisticolor 
the X is the largest chromosome of the complement, constituting 12.4% of 
the haploid genome, which is substantially larger than the 5-6% that is 
usual for mammals. The Y chromosome is also relatively large (5.7% of the 
haploid genome; Liu et al. 1998). Again, this may have come about as a re- 
sult of fusions of autosomal DNA with the sex chromosomes. Perhaps these 
translocations brought a new set of genes to the X that are capable of mutat- 
ing to feminizers. 

Other Murids 

There are other systems in murids that depart from the usual XX/XY, in par- 
ticular, creeping voles (Microtus oregoni) and vole mice (Akodon spp.), but 
these systems are much more difficult to explain (Table 3.2). In each case, 
the system could in principle have evolved from a lemming-like one, but 
there is no direct evidence for this or for any lemming-like systems in 
closely related species. 

In the creeping vole, females are somatically XO and males are somati- 
cally XY (Ohno et al. 1963). At some point in the female germline, non- 
disjunction of the X at mitosis produces XX and OO daughter cells. Only 
the former of these go on to produce eggs, and all eggs contain a single X. In 
the germline of males, a nondisjunction of Xs at some mitoses produces 
XXY and OY daughter cells. Only the latter of these go on to produce 
sperm cells, which are therefore either O (producing a female) or Y (produc- 
ing a male). This system could have evolved from a Myopus-like system in 
which the X* chromosome shows premeiotic nondisjunction, as the X does 
in M. oregoni. Suppose a "superdominant" Y chromosome arose that could 
not be feminized by X*. Because it would make males, the rarer and more 
valuable sex, it would increase in frequency. This would reduce the popula- 
tion-wide sex ratio bias, which might allow X* to increase further in fre- 
quency. Careful modeling is needed here, but X* might go to fixation, fol- 
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Table 3.2 Taxonomic distribution of rodents with unusual sex chromosome and sex-determining 
systems 





Female 


Male 




Soma (germ) 


Soma (germ) 


Order Rodentia 






Family Muridae 






Subfamily Arvicolinae (Microtinae) 






Dicrostonyx torquatus 


XX, XX*, X*Y 


XY 


Myopus schisticolor 


XX, XX*, X*Y(X*X*) 


XY 


Microtus oregoni 


XO(XX) 


XYfYO) 


Elhbius lutescens 


XO 


XO 


E. tancrei, E. talpinm, E. alaicus 


XX 


XX 


Subfamily Hesperomyinae 






Akodon azarae, A. mollis, A. varius 


XX, XY* 


XY 


Subfamily Murinae 






Tokudaia osimensis 


XO 


XO 



If the premeiotic genotype differs from the somatic genotype, it is given in parentheses afterwards. From 
Fredga(1994). 



lowed by the superdominant Y. The sex chromosome system then would 
be X*X* females and X*Y males. However, the X* would still show non- 
disjunction in the female germline, which might lead to some reduction in 
female fertility The male might then be selected to exclude X* from its ga- 
metes, instead producing Y and O sperm, as observed. This is by no means 
the only possible scenario, and others that do not derive from a lemming- 
like system are discussed by Charlesworth and Dempsey (2001). 

Vole mice also reveal high frequencies of XY females (e.g., 15-40%; 
Bianchi et al. 1971, Bianchi et al. 1993, Hoekstra and Edwards 2000). But 
here the feminizing agent is a special Y* (Bianchi et al. 1971, Lizarralde et al. 
1982). XY* females have been seen in 8 species of Akodon, and in at least 6 
of them, the mutant Y* is more closely related to the normal Y of the same 
species than it is to a Y* of another species (Hoekstra and Edwards 2000). 
This suggests that the system has arisen multiple times (at least 6) and is 
probably evolutionary short-lived. Curiously, XY* females of at least 1 spe- 
cies, A. azarae, appear to be more fit than XX females, at least in the lab, 
where they start reproducing earlier, have shorter intervals between litters, 
continue to reproduce longer, and are estimated to have about 35% higher 
fitness (Espinosa and Vitullo 1996, Hoekstra and Hoekstra 2001). 
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Again, the cause of this increase is mysterious. XY* females produce 67% 
daughters, and perhaps these are cheaper than sons. Also, XY* females 
(which necessarily have XY* mothers) have an increased chance of being 
gestated between 2 other females, which can increase female fitness (vom 
Saal 1989, Clark et al. 1986, 1998, Espinosa and Vitullo 1996). We also 
note that the X chromosome of XY* females is paternally derived, and so 
perhaps is more selfish, with no maternally derived X to balance it (see 
Chap. 4). This might explain why, even preimplantation, XY* embryos have 
a faster rate of development than XX embryos from the same (XY*) mother 
(whereas the XY and XX embryos of XX mothers show no such difference; 
Espinosa and Vitullo 2001). Of course, this is more directly explained by as- 
suming it is an effect of Y*. 

In addition to the fitness advantage, there is some suggestion that in XY* 
females the Y* chromosome has a transmission advantage, being passed on 
to perhaps 63% of eggs rather than the Mendelian 50%, and these 2 factors 
together can, in principle, account for the maintenance of Y* in natural 
populations (Hoekstra and Hoekstra 2001). It should also be noted that the 
Y* is only found in females, so (like X*) it quickly evolves to be a female- 
benefiting chromosome; but unlike X*, it is not constrained by recombina- 
tion with the male-benefiting Y, because YY* individuals are inviable. On 
the other hand, the Y* is a small chromosome, smaller than the Y itself 
(Solari et al. 1989). One thing that needs modeling here is selection on the 
autosomes (and the X)— do they want to suppress (i.e., remasculinize) Y*? 

Evolving the system is another matter. At its inception, the XY* system 
has the mirror-image disadvantage of the X*Y advantage. That is, in both 
systems YY individuals are lethal. With complete compensation, this means 
that in one system, X*Y, room is freed up for 33% more X* individuals, 
while in the XY* system there is a net loss of 33% of Y* individuals. There is 
some inconclusive evidence that the Y may drive against the X in males 
and, if this were ancestral and Y* drove against the X in XY* females, this 
would help offset the cost (H. Hoekstra, pers. comm.). But it must be noted 
that drive in one sex is usually completely unassociated with drive in the 
other and, as we have seen, a driving Y in males would be a natural evolu- 
tionary response to a feminizing and driving Y*, because each biases the sex 
ratio in the opposite direction. 

Little is known about the genetic basis of Y*, except that, at least in A. 
azarae, it appears to be smaller than the normal Y (Solari et al. 1989), and 
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the effect is not simply due to a deletion of the male-determining gene, 
Sry (Bianchi et al. 1993). One possibility that seems worth considering is 
that it evolved from a Dicrostonyx-\ike system, in which a superdominant Y 
evolved, which spread but did not go to fixation. Under this scenario, Y* is 
ancestral, and Y is derived. X chromosomes may still be cryptically poly- 
morphic for X and X*. But there is no evidence of a lemming-like system 
anywhere in the genus. 

It is probably not coincidental that rodents provide numerous exceptions 
to the general rule for mammals (both placental and marsupial) that Sry is 
found in a single copy located on the Y (Fernandez et al. 2002). These range 
from species in which Sry or the entire Y chromosome is missing, such as 
some mole voles and the spiny rat (Just et al. 1995, Soullier et al. 1998), to 
ones in which Sry is found in multiple copies on the Y only, as in Microtus, 
Akodon, and some murids (Bianchi et al. 1993, Nagamine and Carlisle 1994, 
Lundrigan and Tucker 1997, Bullejos et al. 1999), as well as Microtus cabrerae, 
in which multiple Sry copies are found in X chromosome heterochromatin 
and perhaps as few as one on the Y euchromatin (Fernandez et al. 2002). 
The X copies are apparently inactive, as most contain base substitutions and 
deletions that produce stop codons. In M. cabrerae, some cases of XY fe- 
males have been reported (Burgos et al. 1988). Sry has a single exon that 
codes for a highly conserved high-mobility group domain (HMG box) of 
about 78 amino acids (Whitfield et al. 1993). HMG boxes are characteristic 
of a variety of proteins that bind DNA with strong affinity but varying de- 
grees of specificity. The DNA-binding activity of the Sry protein resides in 
the HMG box and mutations therein result in XY females in house mice. It 
is highly conserved, but the flanking sequences are rapidly evolving in both 
rodents and other mammals, such as primates (Foster et al. 1992, Tucker and 
Lundrigan 1993, Whitfield et al. 1993). 

Finally, it is worth emphasizing that all of the alternative mammalian sex 
chromosome systems we have discussed would appear to be susceptible to 
the evolution of maternal-effect killers. For example, in the Akodon species 
we have just described, the Y* chromosome is transmitted only from moth- 
ers to daughters. One can easily imagine it acquiring a gene that causes it to 
kill sons in utero, because they are guaranteed not to have inherited the Y*, 
thus freeing up resources for daughters. Similarly, the X* chromosome of 
lemmings is also only transmitted from mothers to daughters, and so it 
might also evolve to kill sons in utero. And in the creeping vole, the X chro- 
mosome is passed from mother to both daughters and sons, but the sons are 
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an evolutionary dead end (as they are for mitochondrial genomes). There- 
fore, one would expect early male embryonic lethals to evolve on the X and 
thereby increase the total investment made in daughters. In an outcrossed 
population, such an X would go to fixation, driving the population extinct, 
unless suppressors or some other sex chromosome system evolved. 

This notion that different sex chromosome systems may be differentially 
susceptible to the evolution of selfish elements, which in turn may affect 
the persistence time of the sex chromosome system, could apply more 
widely. One wonders, for example, how often sex-linked maternal-effect 
killers arise in viviparous taxa with female heterogamety, and even whether 
viviparity is less likely to evolve in female heterogametic taxa, and vice 
versa. To give one more speculative example, for males to have only a single 
sex chromosome (i.e., XO) is common in many invertebrate groups; but for 
heterogametic females, it appears to be less common (though not absent; 
Traut and Marec 1996). We speculate that in many cases when such a system 
does arise, the X will too easily evolve to show drive by preferential move- 
ment at female meiosis to the functional egg nucleus, thereby avoiding the 
polar bodies. Such behavior is common for single B chromosomes, whereas 
if there are two Bs, they pair and show Mendelian segregation (see Chap. 9). 
In species with XO females, a driving X would produce a male-biased sex ra- 
tio and select for a change in the sex-determining system (extinction would 
probably be unlikely, because female drive is not usually complete). So, if 
an XO female system arises, it may be short-lived, leading to a rare and spo- 
radic distribution on the tree of life. Other systems with unpaired sex chro- 
mosomes in females also appear to be rare and sporadically distributed. For 
example, the system of YO females, OO males appears in the frog Leiopelma 
hochstetteri, but not its congener L. hamiltoni, which has a more conventional 
system of XY females, XX males (Green 1988). A monogenous system of 
FO daughter-producing females and OO son-producing females (and OO 
males) appears in the parasitic barnacle Peltogasterella gracilis (Bull 1983) and 
we also expect it to be short-lived. 



Other Conflicts: Sex Ratios and Mate Choice 

The destruction of one sex chromosome by another is a particularly dra- 
matic action about which the 3 main parties— the X, the Y, and the 
autosomes— will have strong conflicts of interest and will experience quite 
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different selection pressures. However, it is not the only issue over which 
there are expected to be conflicts of interest. For example, coefficients of re- 
latedness between family members will usually differ between X, Y, and 
autosomes, and therefore also the selection pressures on social behavior, 
dispersal, and inbreeding avoidance (Hamilton 1972; see also Chap. 4 on 
imprinting and sex chromosomes). Here, we discuss some other sources of 
conflict, unconstrained by any direct facts. Indeed, for some of our ideas, it 
will probably be decades before the molecular genetics of birds and mam- 
mals is sufficiently well advanced to test them. 

In species with chromosomal sex determination, the optimal distribution 
of sons and daughters from the perspective of an autosomal gene is not al- 
ways the random 50% produced by default at meiosis, and there is abun- 
dant evidence of adaptive shifts in sex ratios. For example, colonial spiders 
very often inbreed, and so are selected to produce more daughters than 
sons, to reduce the competition among brothers to fertilize their sisters. In 
Anelosimus eximius and A. domingo (Theridiidae), for example, 90% of the 
eggs laid are daughters (Aviles and Maddison 1991, Aviles et al. 2000). As in 
most spiders, there are 2 different X chromosomes, and no Y, and males are 
the heterogametic sex (i.e., XiX 2 /0). The means by which the biased sex ra- 
tio is achieved is not known: male meiosis appears to be normal, with the 2 
types of nuclei found in equal proportions at the end of telophase II. Pre- 
sumably the male either somehow partly incapacitates O-bearing sperm or 
produces some detectable difference between sperm types that the female 
uses to control fertilization. Whatever the mechanism, sex ratio control can 
be quite precise: at least in A. domingo, the among-family variation is less 
than expected under a random binomial distribution. Assuming the sex ra- 
tio is partly under the control of the male genotype, there is likely to be a 
conflict of interest between the paternal autosomes and the X chromosomes 
over the extent of the sex ratio bias, with the Xs selected to have a more ex- 
treme bias (though for very high levels of inbreeding, the difference in op- 
tima is small; Hamilton 1979, Taylor and Bulmer 1980). In more outcrossed 
species the conflict is more intense, and at least in 2 outcrossing congeners, 
A. jucundm and A. studiosus, the autosomes appear to win, as family sex ra- 
tios are unbiased. Presumably this is because the sex chromosomes are mi- 
nority elements in the genome (—10% of the haploid genome; Aviles and 
Maddison 1991). 

In these species there is no Y chromosome. Had it been there, it would 
have been selected to sabotage or otherwise interfere with the daughter- 
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biasing mechanism, and we wonder to what extent the efficiency of the 
mechanism is due to the absence of a Y fighting back. Similarly, in the nem- 
atode Caenorhabditis briggsae, which consists of XX self-fertile hermaphro- 
dites and XO males, the X-bearing sperm from a male has a fertilization ad- 
vantage over O-bearing sperm, thus producing more hermaphrodites than 
sons (—3:1 over the first 24 hours after mating; LaMunyon and Ward 1997). 
Again, the mechanism is not known, and it may well be encoded by genes 
on the autosomes. There is likely to be some conflict between X and auto- 
somes over the optimal extent of the bias, but the fact that there is no Y 
chromosome under a diametrically opposed selection pressure may contrib- 
ute to its smooth operation. 

Some birds and mammals adjust the sex ratio of their progeny in re- 
sponse to a particular situation. For example, in the Seychelles warbler 
(Acrocephalus sechellensis), daughters often remain on their parents' terri- 
tory and help to rear subsequent offspring. On high-quality territories with 
abundant food, the parents benefit from this help, whereas on low-quality 
territories these daughters consume more than they help. As a consequence, 
these birds have evolved to skew the progeny sex ratio according to the 
quality of the territory. In one study population, pairs without helpers on 
good territories produced 87% daughters and those on poor territories pro- 
duced only 23% daughters (Komdeur 1996, Komdeur et al. 1997). As fe- 
males are the heterogametic sex, presumably they are the ones determining 
the sex ratio. They might, for example, control the segregation of sex chro- 
mosomes at the first meiotic division to egg versus polar body, perhaps in 
response to nutritional status (Pike and Petrie 2003). Whatever the mecha- 
nism, the X and Y chromosomes will not always be willing participants. 
When on a poor territory, the Y will be selected to disrupt or sabotage the 
system, and when on a good territory to amplify it (and vice versa for the X). 
And these conflicts need not be manifest only at meiosis. If fat reserves are 
used as a proximate cue for territory quality, the Y will be selected to set 
down more fat and lower the threshold level of fat required to produce a fe- 
male-biased sex ratio. If the central nervous system is involved, it may be se- 
lected to produce feelings of well-being in the mother-to-be, to be ever the 
optimist about the territory. By contrast, the X will be selected to emphasize 
the negative, to require an ever-higher fat content before admitting the terri- 
tory is a good one, to burn off fat unnecessarily, even to find poor territories 
with little food more attractive. Cognitive dissonance in a bird! 

In other species (e.g., the zebra finch Taeniopygia guttata and the blue tit 
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Parus caeruleus), females appear to bias the progeny sex ratio based not on 
the quality of the territory but that of the mate, increasing the proportion of 
sons when the male is attractive (apparently so the sons can inherit and ex- 
press the attractive qualities of the father; Burley 1981, 1986, Svensson and 
Nilsson 1996, Sheldon et al. 1999). Again, we can expect similar intrage- 
nomic conflicts, and not just at meiosis, though in this case it will be the X 
chromosome that is optimistic, finding the male more alluring than he re- 
ally is, while the Y will be dissatisfied, always ready to find fault with the 
male, and perhaps even finding dull males more attractive. As always, the 
autosomes will be somewhere in between. 

In mammals it is the male that is heterogametic, but sex ratio biases are 
often controlled by the mother, presumably by differential fertilization, im- 
plantation, or fetal abortion (Krackow 1995). Thus, conflicts between X, Y, 
and autosomes will be somewhat different. For example, if there were a spe- 
cies in which females preferred to produce sons when mated to an attractive 
male, there would be conflicts in the male over how much to invest in being 
attractive. The Y would be selected to be particularly extravagant and vain, 
while the X would be selected to be more sensible and cautious about the 
costs of sexually selected characters. As it is, there are several species known 
in which dominant females produce male-biased sex ratios because mater- 
nal condition has a greater effect on the fitness of sons than of daughters 
(e.g., red deer, Ceruus elaphus, and some other ungulates; Kruuk et al. 1999). 
To the extent that the males in these species show any kind of mate choice 
(e.g., differential allocation of courtship efforts and sperm supplies), genes 
in males on the Y will find dominant females attractive, whereas those on 
the X will be drawn more to subordinate females. 

Conflicts of interest over mate choice can also arise if potential mates 
differ in the relative fitness of the sons and daughters they will produce 
(Hastings 1994). Thus, in female birds, the Y will be interested in choosing 
mates based on the quality of the daughters that will result, without regard 
for the quality of the sons, and the X will be largely interested in the quality 
of the sons (but not wholly uninterested in female effects, as the X will be 
passed on to the daughters of those sons). Autosomes will be more equita- 
bly interested in the quality of both sons and daughters (although still with 
a bias toward daughters; Trivers 1985, 2002). Thus, Y chromosomes will be 
selected to pay attention to costly characters that best reveal the underlying 
vigor of the male, knowing full well that the daughters are not going to have 
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Table 3.3 Typical size of the X chromosome in different vertebrate taxa 
Taxon (heterogametic sex) Size (%) 



Eutherian mammals (n 


lale) 


5 


Marsupials (male) 




3 


Birds (female) 




7 


Snakes (female) 




10 



Sizes given as a percentage of the total haploid genome. From Graves and Shetty (2001). 



to produce them themselves, whereas X chromosomes will be more inter- 
ested in cheap gimmicks that increase a male's allure. In mammals, males 
tend to be less choosy than females, but still they have to optimally allocate 
their courtship efforts and sperm supplies (and, occasionally, paternal in- 
vestment), and much the same considerations apply. In males of our own 
species, for example, Y chromosomes should be interested in a clear com- 
plexion and other signs of a robust immune system, which will benefit sons 
as well as daughters, while X chromosomes should be captivated more by 
breasts and hips, presumably of use only to females. 

A general point is worth stressing. Classical drive requires unusual killing 
action or directed movement at a very precise time in development in a 
small part of the body. The effects we are imagining here could be found in 
a wide range of physiological and behavioral characters, including mate 
choice, reproductive effort, and reproductive timing. Selection pressures 
will be weaker than those associated with drive, but there are many, many 
ways for the genes to effect these traits. In some groups of animals, such as 
mammals, birds, and a few insects, these effects may be much more wide- 
spread than examples of drive. Opportunities for the Y chromosome will be 
limited, because it is often degenerate in size and genetic content, but the X 
is usually a robust chromosome with substantial coding capacity (Table 3.3). 
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GENOMIC IMPRINTING RESULTS in parent-specific gene expression, that is, in a 
difference in gene expression depending on which parent contributed the 
gene. In the usual case, an allele is silent when inherited from one parent 
while the identical stretch of DNA is active if inherited from the other; but 
often this effect is seen in some tissues and not others, or there is only a 
quantitative difference in gene expression, depending on the parent of ori- 
gin. To give but one example, in the mouse Megl/GrblO shows maternal ex- 
pression in most tissues, but paternal expression in the brain; in humans it 
also shows paternal expression in the brain, but biallelic expression in other 
tissues (Kaneko-Ishino et al. 2003). Because the difference in expression oc- 
curs when DNA is identical, the effect is said to be "epigenetic," that is, the 
difference is caused by some aspect of the chemistry of the proteins binding 
DNA or of the DNA itself, but unrelated to nucleotide sequence. Such 
genes are said to be imprinted. 

This ability to be expressed according to parent-of-origin has striking im- 
plications for a gene's degree of relatedness to its parents— and, thus, to all 
other relatives differentially related through them. Consider an autosomal 
gene's relatedness to its mother. An unimprinted gene has no information 
where it came from and computes only the average chance of one-half An 
imprinted gene calculates exact relatedness, maternal = 1, paternal = 0. 
These sharply divergent kinship coefficients create 2 kinds of conflict. One 
occurs over evolutionary time in which the spread of selfish paternally ac- 
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tive genes naturally selects for opposing maternally active genes (and vice 
versa), while both select (albeit less strongly) for opposing unimprinted 
genes. The second kind of conflict is imagined to occur within an individual 
whenever the opposing genes act against each other. Unlike most forms of 
conflict described in this book, the conflict here is not over which genes to 
transmit at what rates but rather over how much an individual should help 
or hinder a given relative. 

The major focus of conflict between maternally and paternally active 
genes is parental investment. Degrees of relatedness are maximally divergent 
and a critical resource is at issue. Consider a fetus developing and growing 
within its mother's womb. Because they are not genetically identical, there 
will inevitably be some conflict between the fetus and the mother over how 
much investment should be transferred from the mother during the preg- 
nancy, with the fetus selected to acquire more than the mother is selected to 
provide (Trivers 1974). A similar conflict also exists between maternally and 
paternally derived genes in the fetus: selection on maternally derived alleles 
is influenced by the fact that a copy of the gene is also found in the mother 
and will be passed on to half of her other offspring (Haig 1993b). This will 
tend to dampen selection to be ever more demanding. However, the pater- 
nally derived allele is (barring inbreeding) not found in the mother, and it 
will only be selected to reduce demand insofar as the mother has (or will 
have) other offspring with the same father. In the extreme case, in which 
each of a female's offspring is fathered by a different male, paternally de- 
rived genes in each offspring are selected to take as much as possible from 
the mother, without regard for her future survival or reproduction. At the 
opposite extreme, if females only mate with a single male in their lifetime 
and vice versa, there is no conflict because the father suffers just as much as 
the mother from any decrement in maternal fitness. Conflict— though less 
intense— is also expected over actions affecting other relatives, whenever 
these are differentially related through mother or father (see Fig. 4.1). 

This general approach to the meaning of genomic imprinting may be 
called the kinship theory of imprinting and is due primarily to the work of 
David Haig, who first introduced the approach (Haig and Westoby 1989, 
Haig and Graham 1991, Moore and Haig 1991) and who has been most ac- 
tive in developing it further (reviewed in Haig 2000a, 2002). Other theories 
have been advanced to explain the adaptive significance of imprinting (re- 
viewed in Hurst 1997), but those to date seem to lack both supporting logic 
and evidence (Haig and Trivers 1995, Wilkins and Haig 2003a), while Haig's 
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A. Unimprinted 
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B. Imprinted 




Figure 4.1 Degrees of relatedness (r's) under imprinting. A. r's to mother and mother's 
offspring for an unimprinted gene (1/2 to each, r to maternal half-sib = 1/4). B. r's to 
mother (1 and 0) and mother's offspring (1/2) for a maternally (ma) and paternally (pa) 
active gene, respectively (r to maternal half-sib is 1/2 and 0). 



theory explains a broad pattern of evidence, with no facts clearly in contra- 
diction. One need assume no more than Mendelian genetics and the action 
of natural selection. Once parent-specific gene expression appears, it must 
by logic evolve the biases Haig describes, with paternally active genes acting 
to further paternal relatives— in other words, patrilines— and maternally ac- 
tive genes, matrilines. If there are additional selection pressures we need to 
take into account to understand imprinting, we do not yet know what they 
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are. (We exclude here, and throughout this chapter, "imprinting" in the 
sense of paternal genome loss in scale insects and others, which we explain 
according to a different logic in Chapter 10.) 

Because our own genes are imprinted and a number of developmental 
disorders are associated with failures of imprinting, including cancers (re- 
viewed in Hall 1999, Tycko 1999, Walter and Paulsen 2003), this category of 
selfish gene has been studied with unusual intensity. In addition, because 
the mouse, with most of the same imprinted genes, is a model genetic or- 
ganism, there is a rich experimental and genetic literature regarding the 
mechanisms (and effects) of imprinting, especially early in development. 

In this chapter, we begin our account with a review of the role of imprint- 
ing in mother-offspring interactions over parental investment, especially fe- 
tal growth. We then review the molecular mechanisms underlying imprint- 
ing, focusing in particular on the idea that conflict is expected not only 
between maternally and paternally active genes but also between the various 
components of the imprinting machinery itself— and that this may help ex- 
plain much of the molecular complexity. We then expand the discussion to 
other sorts of social interactions and to the special factors that apply to im- 
printed genes on sex chromosomes. Finally, we review what is known, and 
what might be predicted, about the distribution of imprinting outside of 
mammals. 

Imprinting and Parental Investment in Mammals 

At least 100 genes are thought to be imprinted in the mammalian genome 
(out of a total of about 30,000; Reik and Walter 2001b, www.mgu.har 
.mrc.ac.uk/imprinting/imprinting.html, www.otago.ac. nz/IGC). Those that 
have been described are disproportionately expressed in the placenta and 
involved in fetal growth. We start with a detailed look at 2 well-studied loci 
in mice, oppositely imprinted and with strong opposite effects on early 
growth. 

Igf2 and Igf2r: Oppositely Imprinted, 
Oppositely Acting Growth Factors in Mice 

Igf2 and Igf2r are oppositely imprinted genes with strong contrary effects on 
fetal growth in mice. They were the first 2 imprinted genes discovered in 
mammals (Barlow et al. 1991, DeChiara et al. 1991), and they provided a 
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paradigm for the underlying kinship logic of imprinting (Haig and Graham 
1991). Igf2 is imprinted in both mice and humans. It acts as if it has a com- 
plex, conditional strategy (reviewed in Stewart and Rotwein 1996). It is inac- 
tive in almost all adult tissue, save the choroid plexus and leptomeninges, in 
which both alleles (paternal and maternal) are active. By contrast, it is very 
active in almost all tissues of the fetus, including extraembryonic; but only 
the paternal allele is active, with the maternal being transcriptionally silent. 
Inactive copies can be generated by homologous recombination and when 
such a copy is inherited from the father— so no Ig/2 is expressed in the fetus— 
the individual mouse is 40% smaller at birth and throughout life but is oth- 
erwise properly proportioned (DeChiara et al. 1991). Igf2 produces insulin- 
like growth factor 2, which is a growth promoter. It stimulates cells to di- 
vide. When found in 2 active copies in humans, it is often associated with 
Beckwith-Wiedemann syndrome, a fetal overgrowth disorder with frequent 
tumors (Rainier et al. 1993, Ogawa et al. 1993). 

In mice and humans, the action ofIgf2 is opposed by the action ofIgf2r, 
or mannose-6-phosphase-receptor, except that this gene is maternally active 
in mice but biallelic (active from both alleles) in humans, in which there 
is also no good evidence that IGF2R inhibits prenatal growth (for a recent 
review, see Dahms and Hancock 2002). In vertebrates it targets proteins 
tagged with mannose 6-phosphates (as well as the digestive enzymes) to the 
lysosomes, where they are degraded. In mammals, it has evolved a second- 
ary binding site for lgf2, which it then degrades. Its deletion in mice causes 
offspring to be born that are 125-130% of normal birth weight (Ludwig et 
al. 1996). Its evolution, along with that ofIgf2, is summarized in Table 4.1. 
Neither is imprinted in monotremes and both are in marsupials, the second- 
ary binding site in Ig/2r having also evolved in the interval. It is reasonable 
to suppose that lgf2 became imprinted first, in response to the appearance 
of intrauterine life, and that Igflr evolved its secondary binding site next 
and became imprinted, but there is no evidence on this (Wilkins and Haig 
2001,2003a). 

Igf2's imprinting status does not change in placentals, but for unknown 
reasons Igf2r becomes biallelic in tree shrews, flying lemurs, and other pri- 
mates, including ourselves. It is not at all clear why imprinting of these 
genes is not also found in monotremes. They do lay eggs, but these develop 
within the mother for up to 4 weeks, with maternal nourishment, and they 
increase in size from 4mm to 20mm in diameter (John and Surani 2000). 
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and Igf2r in mammals 




Gene 




Imprinting 


Status 



Monotremes 

Igf2 Not imprinted 

Igf2r Ig£2 -binding site absent 

Marsupials 

Ig/2 Imprinted 

Igftr Binding site present and imprinted 

Placentals 

Ig/2 Imprinted in rodents, artiodactyls, primates 

Igftr Imprinted in rodents, artiodactyls, not in primates 

References in Wilkins and Haig (2003a). 



Perhaps lacking a placenta, the egg has few ways to induce greater invest- 
ment. After birth, offspring lick milk provided by the mother; so all during 
this time, increased growth rate associated with paternal genes would seem 
to give an advantage, assuming multiple paternity of a female's lifetime re- 
productive output. As expected, neither IgfZ nor lgf2r is imprinted in chick- 
ens (Nolan et al. 2001; Yokomine et al. 2001). 

Here are 2 oppositely imprinted genes in mice with strong counteracting 
effects on growth that cancel out to give little or no net effect— precisely 
what is expected of internal genetic conflict based on evenly matched pater- 
nal and maternal alleles. There are additional complexities we shall consider 
shortly. For example, Igf2 is located on mouse and human chromosomes in 
a cluster of at least 10 imprinted genes and there are complex interactions 
between them. One of these, the oppositely imprinted and nearby H19, 
shares many control elements in common with Igf2, its mRNA interacts 
with that of Igf2, and some knockouts cause Igf2 to become biallelic while 
others do not (reviewed in Runge et al. 2000, Arney 2003). 

Growth Effects of Imprinted Genes in Mice and Humans 

Detailed physiological and genetic evidence is now available for at least 27 
imprinted genes in mice (most of which are also imprinted in humans), and 
this evidence shows a striking pattern (comprehensively reviewed by Tycko 
and Morison 2002; Table 4.2). Most of the genes have early effects on 
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Table 4.2 


Imprinted genes in mice, 
theory of imprinting 


their effects, 


and whether 


these 


effects 


support 


the 


kinship 


Imprinted 

Gene Effect 














Support 

kinship 

theory? 



PATERNALLY ACTIVE 

Igf2 Increases size at birth (40%). + 

Insl, Ins2 Imprinted expression in yolk sac, biallelic in other tissues (in- 

eluding pancreas). Ins known to affect early growth positively, 
but parent-of-offspring effect not yet demonstrated. 

"Kcnqlotl Antagonizes expression of growth inhibitor p57 KIF2 . + 

Dlkl Same gene causes skeletal muscle overgrowth in sheep but time (+) 

of action and cost to mother uncertain. 

Sgce Absence of gene in humans associated with obsessive-compul- 

sive behavior and panic attacks. 

Rasgrfl Affects postnatal growth positively, with maximum effect at + 

weaning (Itier et al. 1998). 

Pegl/Mest Increases placental and embryonic growth, which is associated + 

with greater postnatal growth and survival. Positive effect on ma- 
ternal behavior, such as pup retrieval (see text). 

Peg3 Increases placental size and weight at birth (20%) and nursing by + 

pups. Positive effect on nursing by mothers and on oxytocin- 
positive neurons in the hypothalamus (see text). 

Nnat Appears to have positive effect on embryonic growth, but data (+) 

only from uniparental disomy. Overexpressed in embryonic can- 
cers. Produces a neuronal protein with strongest expression dur- 
ing perinatal period. 

Ndn Absence associated with early postnatal lethality in mice and fail- (+) 

ure to thrive in humans (Prader-Willi syndrome) including 
hypotonia and failure to nurse; obsessive food-seeking behavior 
later in life (for this and other references to Prader-Willi, see Haig 
and Wharton 2003). 

Snrpn Active in many fetal and adult tissues, encodes a splicing factor 

component expressed at highest levels in neurons. Knockout has 
no obvious phenotype. 

*Pwcrl Absence associated with failure to thrive, early postnatal (+) 

lethality, and Prader-Willi syndrome in humans. Expressed pre- 
dominantly in brain, encodes a small nucleolar RNA that may 
affect processing of serotonin. 
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Table 4.2 (continued) 



*Ipw 



*Xist 



No obvious effect on phenotype at birth. Encodes an abundant 
spliced RNA that builds up in cytoplasm and shows high expres- 
sion in brain and other tissues. 

Causes paternal X-chromosome inactivation in the placentae of 
mice, either by direct action or via its oppositely imprinted 
antisense transcript Tsix. 



MATERNALLY ACTIVE 

Igf2r Decreases placental size and size at birth (25%) by binding to 

and degrading Igf2. In humans, not imprinted (or only in some 
individuals) and affects cognitive ability in children (Chorney et 
al. 1998). 



*Meg3 



Gnas 
Ube3a 



"HI 9 



Ascl2/Mash2 



Cd81 



Kcnql 



Encodes an abundant, nontranscribed, spliced RNA, found in 
many fetal and adult tissues, esp. adult skeletal muscle; closely 
linked to Dlkl and appears to down-regulate overgrowth of skele- 
tal muscle associated with Dlkl, but cost of overgrowth to 
mother unknown. 

Encodes subunit of signaling protein that decreases insulin sensi- 
tivity and fat cell growth. 

Imprinted in hippocampal and cerebeller neurons, increases 
learning and long-term potentiation of synaptic transmission. 
Absence contributes to Angelman syndrome in humans, which 
includes neonatal hyperactivity, opposite of the oppositely im- 
printed Prader-Willi syndrome. Imprinted in fibroblasts, 
lymphoblasts, and neural-precursor cells (Herzing et al. 2002). 

Closely linked to the oppositely imprinted Igf2, it encodes an 
abundant, spliced RNA and acts in cis to down-regulate Ig/2 ex- 
pression via shared insulator and enhancer sequences. Silenced 
in most Wilms' and other embryonic tumors in humans. 

Expression limited to placenta; increases spongiotrophoblast 
growth at the expense of giant cells, which secrete placental 
lactogens (which actively solicit maternal investment; Haig 
1993b). Giant cells penetrate farthest into maternal decidua; lim- 
itation on giant cells suggests limitation on maternal investment. 
Absence causes death in midgestation. 

Weakly imprinted only in extraembryonic tissues, biallelic in 
others, codes for a membrane protein, expressed in many tissues; 
no evidence on imprinted phenotype. 

Imprinted only in fetal tissues of mice and humans, biallelic in 
adults, encodes a voltage-sensitive potassium channel. Absence 
increases stomach size 3-fold but no evidence of an imprinted 
phenotype. 



( + ) 



(+) 
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Table 4.2 (continued) 



p57 Klp2 /Cdknlc Imprinted in multiple fetal tissues, encodes a kinase inhibitor, + 

evidence from in vitro and in vivo suggests that it inhibits cell 
proliferation in various tissues. 

Tssc3 Strongly imprinted in placenta (and liver) of mice and humans (+) 

and wealdy imprinted in other fetal and adult tissues; encodes a 
small cytoplasmic protein, restrains placental growth but with- 
out reducing fetal growth. 

Esxl Imprinted in mouse placenta, X-linked so probably imprinted as (+) 

a result of general paternal X-inactivation (see Xist). Absence of 
gene increases size of early placenta but, at later stages, depresses 
fetal growth, probably due to placental pathology. 

Gatm Catalyzes the rate-limiting step in the synthesis of creatine, an 

important molecule in energy metabolism. Imprinted in pla- 
centa and yolk sac but not embryo; effect on offspring and ma- 
ternal resources unknown (Sandell et al. 2003). 

GrblO Potent growth inhibitor: deleting maternal copy leads to placen- + 

tal and fetal overgrowth, especially liver but not brain, and off- 
spring are 30-40% larger at birth, independent ofIg/2 pathway 
(Charalambous et al. 2003); associated with Silver-Russell syn- 
drome in which doubled maternal copy gives growth retarda- 
tion. 

* codes for untranslated RNA. 

Except where otherwise noted, all information (including almost every evaluation regarding kinship theory) 
is from Tycko and Morison (2002). 

+ strongly supports ldnship theory; N= 10 
(+) weakly supports kinship theory; N = 8 

neutral; N= 9 
No cases contradict theory. 
Total: N =27 



growth (18 of 27). When organized according to whether the genes are pa- 
ternally active or maternally active and whether they affect growth posi- 
tively or negatively, 10 strongly support the kinship theory, 8 weakly (at 
least 1 piece of evidence absent), and none is clearly opposed. In one case 
(Rasgrfl), the expected growth effect occurs after birth but before the end of 
weaning (Itier et al. 1998). In addition, some of the neutral cases are at least 
suggestive— for example, early growth effects not yet shown to be imprinted. 
In any case, the pattern is so strong as to be impervious to minor decisions 
regarding evaluation of individual cases (for detailed analysis of selected 
cases, see also Haig 2004b). 
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Additional supporting evidence regarding growth effects comes from 
mice chimeras (individuals produced in the lab that consist of a mixture of 
wildtype cells and others). Mice chimeras in which the added cells are 
androgenetic (double dose of paternal) are, as expected, usually larger than 
pure wildtype individuals, which in turn are larger than chimeras in which 
the added cells are parthenogenetic (Fundele et al. 1997). These differences 
tend to disappear after weaning, again as expected because there is little 
scope for internal genetic conflict over growth when the resources to sup- 
port growth are supplied from outside the family. 

Humans are very unusual in the length of the period of parental invest- 
ment—well past weaning and usually into young adulthood. Thus, impor- 
tant imprinted effects concerning parental investment may concern post- 
weaning life. With this in mind, Haig and Wharton (2003) have recently 
reinterpreted the symptoms of Prader-Willi syndrome, which results from 
the absence of the paternal copy of a segment of chromosome 15. For the 
first few years of life, children suffer lassitude and low appetite, as expected 
from loss of paternally active genes during nursing; but then appetite be- 
comes voracious and undifferentiated, that is, the children eat anything and 
even forage afield for new foods, traits that would tend to reduce cost to the 
mother. For a detailed analysis of imprinted effects on calcium metabolism 
in pregnancy, see Haig (2004a). 

Though the data summarized in Table 4.2 provide compelling evidence 
that kinship conflicts have played an important role in the evolution of 
genomic imprinting, this evidence does not mean that every imprinted gene 
must have been selected for its kin effects. Some genes may be imprinted as 
a pleiotropic effect of imprinting at a neighboring locus and some because 
in the past there was selection for a change in expression level, and the first 
appropriate mutation happened to work in a parent-specific manner. Once 
the imprinting machinery has evolved, we should expect non-kin effects to 
occur at least some fraction of the time. 

Evolution of the Imprinting Apparatus 

The Mechanisms of Imprinting Involve Methylation and Are Complex 

In order for maternal and paternal alleles to have different expression levels 
despite having the same nucleotide sequence, there must be some "epige- 
netic" difference between them. Considerable progress has been made in 
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the past 10 years in understanding the molecular basis of this difference in 
mice and humans (Reik and Walter 2001a, 2001b, Kaneko-Ishino et al. 
2003, Murphy and Jirtle 2003, Verona et al. 2003). Chief in importance is 
the role of DNA methylation. 

In the DNA of mammals (and many other taxa), when a cytosine (C) is 
followed by a guanine (G), the C may have a methyl group attached (Alberts 
et al. 2002). Methyl groups can be added or removed from particular C resi- 
dues, and methylation states can be maintained or not through cell divi- 
sions, according to which enzymes are active. Methylation is therefore a 
kind of reversible mark that can be put upon DNA. The presence of a 
methyl group changes the proteins that bind to the DNA, and thus the ex- 
pression level of the gene. Among unimprinted genes, methylation is usu- 
ally associated with gene silencing— so, for example, a gene required only 
in 1 tissue may be methylated and therefore silent in other tissues. Among 
imprinted genes, maternal and paternal alleles usually have different pat- 
terns of methylation; however, there is no consistent association between 
methylation and silencing. H19 and Snrpn show biallelic expression in 
methylation-deficient mice (indicating methylation is associated with si- 
lencing), but Igf2 and Igf2r show no expression (indicating methylation is 
associated with activation; Reik and Walter 2001a). Overall, it seems that 
for about half of imprinted genes, the methylated allele is the active one 
(Kaneko-Ishino et al. 2003). 

Because imprints must be reversed from one generation to the next, it is 
not surprising that in both male and female germlines almost all DNA 
methylation is first removed, and then the DNA is methylated de novo in a 
sex-specific manner (Murphy and Jirtle 2003). The removal occurs in the 
primordial germ cells of male and female fetuses and occurs as these cells 
are entering the developing gonad. Virtually all methyl groups are removed, 
except those associated with repetitive DNA. It is not yet clear if the methyl 
groups are lost by active demethylation or passively (by failure to maintain 
methylation states through cell divisions). After the removal, during game- 
togenesis, the DNA is then methylated de novo. In males, methylation oc- 
curs in germline cells before meiosis (Reik and Walter 2001b). In females, 
de novo methylation occurs in oocytes, while they are arrested in meiosis I 
but still growing. Some genes are modified earlier than others— they are not 
all modified simultaneously— suggesting that different mechanisms may be 
used for different target genes (Obata and Kono 2002). 
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Imprinted genes typically occur in clusters: in mice, fully 80% of im- 
printed genes are near another imprinted gene (Reik and Walter 2001a; Fig. 
4.2). Indeed, the association is so strong that the best way to find an im- 
printed gene is often to look near other imprinted ones. A single cluster can 
contain both maternally and paternally expressed genes. At least in the clus- 
ters that have been most extensively studied, there is a differentially methyl- 
ated region (DMR) in which the pattern of methylation differs between 
sperm and eggs (Reik and Walter 2001a, Kaneko-Ishino et al. 2003, Spahn 
and Barlow 2003). Though initially confined to a small region, the differen- 
tial methylation between maternal and paternal chromosomes can spread 
out from the DMR along the chromosome, in cis, thereby affecting the ex- 
pression of multiple genes in the vicinity. For example, there is a DMR on 
mouse chromosome 7 that is methylated in sperm but not in eggs (Rand 
and Cedar 2003, Verona et al. 2003). After implantation there is a complex 
series of secondary methylation imprints mediated by the control element, 
in both directions (Srivastava et al. 2003). As a consequence the promoter of 
the paternal H19 gene becomes methylated and is silenced, and a region up- 
stream of the paternal Igf2 is methylated, which activates the gene. 

Before these secondary methylation events can occur, the primary meth- 
ylation of the DMR must survive a genome-wide demethylation that occurs 
soon after fertilization (Mayer et al. 2000, Reik and Walter 2001b). First, the 
paternal genome is actively demethylated just hours after fertilization, while 
the 2 parental genomes are still separate in the pronuclei. Then the maternal 
genome is gradually demethylated by the failure to maintain methylation 
states through DNA replication. After these demethylations, there is a ge- 
nome-wide wave of denovo methylation, which again the differential meth- 
ylation of the DMRs must survive. We do not yet know how this occurs. 

It might seem tempting to equate the germline methylation of a gene 
with the imprinting of that gene, and so Igf2r, for example, which is methyl- 
ated in the female germline, would become a "maternally imprinted" gene 
(e.g., Kaneko-Ishino et al. 2003). But there is a danger here if we conclude 
that the evolutionary innovation that led to parent-specific expression was 
some change in the female germline— in other words, that the ancestral state 
was no methylation in either germline. In the case ofIgf2r, it turns out that 
the DMR contains an 8bp sequence that directs methylation in both male 
and female germlines, and a separate 6bp sequence that prevents methyla- 
tion only in the paternal germline (Birger et al. 1999). It is highly plausible, 
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then, that the ancestral state was biallelic methylation, and the evolutionary 
innovation was the gain of this 6bp sequence that prevented methylation in 
the male germline. In this case, we might say that imprinting is the failure to 
methylate. 

Once the maternal and paternal alleles have acquired their differential 
methylation, the final step in genomic imprinting is the use of those differ- 
ences to affect gene expression. That is, the imprints must be read. Some of 
the mechanisms by which this occurs are summarized in Figure 4.3. The first 
is the simplest and the most common: methylating a promoter in order to 
inactivate the gene. The second involves methylation of promoter regions 
of antisense transcripts that interact in cis to prevent expression of the corre- 
sponding sense transcripts. The third mechanism is regulation of genes by 
differential methylation of boundary elements within a CpG island. The 
methylated allele binds factors that block access of promoters to down- 
stream enhancers. Finally, differential methylation may result in differential 
binding of silencing factors, which then repress the promoter in cis. With 
this mechanism methylation is associated with the active allele because it in- 
activates the silencers. 

Much about the molecular biology of imprinting remains unknown. Be- 
cause CpG islands and clustered direct repeats attract methylation, it is 
perhaps not surprising that they are found close to the promoters of most 
imprinted genes (Reik and Walter 2001b). But how do they attract meth- 
ylation differently by parent of origin? Likewise, how does imprinting work 
at Masbl, which continues to show maternal-only expression even in 
methylation-deficient mice (Kaneko-Ishino et al. 2003)? And why do im- 
printed genes have few and small introns (Haig 1996b, Hurst et al. 1996b, 
McVean et al. 1996). Highly transcribed genes have smaller introns, at least 
in humans and C. elegans (Castillo-Davis et al. 2002), so perhaps imprinted 



Figure 4.2 Clustering of imprinted genes in humans. A section of human chromosome 
llpl5.5 containing a large cluster of imprinted genes. PAT = paternally active, MAT = 
maternally active, BI = biallelic. For 6 genes (*) imprinting status is uncertain in hu- 
mans, so the mouse status is given instead. Note there are only 8 unimprinted genes 
(central column) compared to 14 imprinted in the cluster, even though unimprinted 
genes are 100 times more frequent in the genome at large. Adapted from Reik and Wal- 
ter (2001a). 
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Figure 4.3 Alternative mechanisms for reading imprints. In each case allele 1 is active 
and allele 2, inactive. A. Silencing by methylation of promoter or nearby CpG island. 
B. Similar regulation by antisense transcripts. C. Differential methylation of boundary 
elements within a CpG island: methylation prevents the binding of proteins (vertical 
disk) that block the access of upstream promoters to downstream enhancers. D. 
Methylation leads to differential binding of silencing factors that repress the promoter 
in cis. Adapted from Reik and Walter (2001a). 
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genes are highly transcribed in order to counteract opposing genes and be- 
cause only 1 allele is active. For many other traits, we lack even hypotheses. 
Why are maternal and paternal copies in imprinted regions often replicated 
asynchronously (Rand and Cedar 2003, Gribnau et al. 2003)? And why do 
imprinted regions show higher rates of recombination in the male but not 
female germline (opposite the usual pattern; Paldi et al. 1995)? 

Despite all these uncertainties, one thing that does seem clear is that the 
molecular mechanisms responsible for genomic imprinting are very com- 
plex. For the Igf2-H19 regions, some 30 different deletions, insertions, and 
transgenes have been characterized that reveal a complex regulatory system 
that we still do not understand in full (Arney 2003). The next section shows 
how this complexity is an expected feature of the internal tensions within 
the system, especially between the imprinting machinery and the imprinted 
genes. 

Conflict Between Different Components of the Imprinting Machinery 

In thinking about the evolution of imprinting in mammals, we can reason- 
ably imagine that the ancestral state (before intimate mother-fetal interac- 
tions evolved) was equal expression of the 2 alleles, at a level that was opti- 
mal for the offspring. Then there are two possibilities for the origin of 
imprinting (Sleutels and Barlow 2002). First, there may have been preexist- 
ing differences in the methylation activities of the male and female germ- 
lines, and a gene evolved a as-acting regulatory sequence that attracted 
methylation differentially in the 2 germlines, with the consequence that it 
was differentially expressed according to whether it was maternally or pater- 
nally inherited. In principle, a growth promoter like Ig/2 might have evolved 
both "down-regulate-when-maternal" and "up-regulate-when-paternal" mu- 
tations (and vice versa for a growth suppressor like Igf2r). Under this sce- 
nario, the gene has evolved a facultative expression pattern, with no change 
in the methylation machinery itself. After a succession of such mutations, 
the final state is 1 silent allele and the opposite set at its optimal level of ex- 
pression. This is the scenario modeled by Haig (1997). 

Alternatively, there might initially have been no evolution of the gene it- 
self or its as-acting regulatory sequences, but rather evolution of the trans- 
acting imprinting machinery, starting initially with one that marks the target 
gene equally in the 2 germlines and evolves to mark it differentially. Again, 
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we can imagine evolutionary changes in the imprinting machinery of both 
germlines, in opposite directions. Rather than a gene evolving a facultative 
expression pattern, we imagine parents evolving to manipulate expression 
levels in their offspring. 

As an aside, each of these scenarios could include evolutionary changes in 
both male and female germlines. While we could say that a gene is mater- 
nally or paternally expressed, or methylated, it does not make sense to say that 
a gene is maternally or paternally imprinted- -it is both. 

If both CM-acting targets and trans-acting Imprinters can evolve, they can 
coevolve. And this brings up a subtlety in the kinship theory of imprinting 
that may not at first be apparent. The conflict over kinship that underlies 
genomic imprinting does not just occur between maternal and paternal al- 
leles of an individual, but also occurs within the imprinting process itself, 
that is, between trans-acting Imprinter loci and their as-acting target: the 
two may "disagree" over whether an imprint should be applied (Burt and 
Trivers 1998a). This conflict arises because the target gene is always transmit- 
ted along with its own imprint, but an unlinked Imprinter gene is transmit- 
ted along with its imprinted target only half the time. For a maternally de- 
rived allele in a fetus, the fetus is as important as the mother (both contain a 
single copy of the gene); but for an Imprinter allele active in the female 
germline, the fetus is worth only half as much as the mother (because it has 
only a one-half chance of being in the fetus). 

Similar considerations apply in the male germline, and the general rule is 
that the target gene will be selected to make the fetus more demanding than 
will the imprinting apparatus (Box 4.1). Therefore, if the imprint is to si- 
lence a growth promoter or activate a growth suppressor, the imprinting ma- 
chinery may be selected to apply the imprint, but the target sequence se- 
lected to resist it. In principle, this could lead to a coevolutionary chase 
through sequence space in which the target keeps changing to prevent being 
recognized, and the Imprinters keep evolving to recognize it. The conflict 
can also go the other way. If the effect of the imprint is to silence a growth 
suppressor or activate a growth promoter, the target may be selected to ac- 
quire an imprint, but the imprinting machinery selected not to apply it. In 
this case the target might evolve to mimic other imprinted genes, and the 
imprinting apparatus therefore selected to make ever-finer discriminations. 
These conflicts between Imprinters and their targets must follow as surely as 
those between maternal and paternal alleles. 
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And that is not all. There is another class of genes involved in imprinting, 
with yet another opinion on the optimal level of expression of a gene: the 
unimprinted offspring genes that maintain the imprint through develop- 
ment and read it at the time of expression. Even if the imprinting machinery 
is selected to apply an imprint and the target selected to acquire it, unim- 
printed offspring genes may be selected to erase the imprint, or ignore it. 
Thus, for, say, IgfZ, there are 5 classes of genes that may affect fetal expres- 
sion levels, each with its own opinion about the optimal level of expression. 

History of Conflict Reflected in the Imprinting Apparatus 

Thus the various classes of genes involved in imprinting are expected, from 
first principles, to evolve according to complex and contrarian selection 
pressures. We suggest that the unusual complexity of the imprinting appara- 
tus is the result of a long history of constant adjustments and counter- 
adjustments among the various components, as such complexity is unlikely 
to arise in a few mutational steps and seems unnecessary otherwise. More 
specifically, the fact that a particular C in the maternally derived Igf2r is 
methylated in the oocyte and the 2-cell embryo, unmethylated at the 4-cell 
stage, and then remethylated at the 8-cell stage is suggestive of a history of 
conflict (Moore and Reik 1996). The genome-wide demethylations that oc- 
cur around this time may also represent attempts to erase unwanted im- 
prints. The rapid active demethylation of the paternal genome soon after 
fertilization is presumably the result of maternally supplied RNAs and pro- 
teins, whereas the more gradual demethylation of the maternal genome is 
presumably due to the action (or inaction) of unimprinted offspring genes. 
This suggests that demethylation will not be seen in the absence of extended 
mother-fetal interactions— which is true of zebrafish (Macleod et al. 1999). 

Unwanted imprints may be erased, or they may simply be ignored. In 
mice and humans, Igf2r and GrblO show maternal-specific methylation, and 
in mice this is associated with maternal-specific expression, but in humans 
expression is typically biallelic, as if the methylation differences have no ef- 
fect (Killian et al. 2001, Arnaud et al. 2003). Indeed there appear to be many 
regions of the genome in which maternal and paternal copies are differen- 
tially methylated, but there is no detectable difference in gene expression 
(de la Casa-Esperon and Sapienza 2003). We wonder whether some fraction 
of these represent past attempts by parents or the target loci to manipulate 
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BOX 4.1 

Genetic Conflicts in Genomic Imprinting 

Evolutionary changes in genes affecting fetal growth often involve a 
benefit to one party (mother or fetus) and a cost to the other. In or- 
der for a new mutation to be selected, the ratio of benefits to costs 
(each measured as changes in the organism's expected number of 
future offspring or reproductive value) must be greater than some 
threshold. These thresholds differ for the different classes of genes 
involved in genomic imprinting, as shown in the figures in this 
box. The top figure covers mutations that benefit the fetus at a 
cost to the mother, while the bottom covers the reverse situation 
(labeling of lines is in inverse order to that above). For maternal 
Imprinter loci and maternally imprinted loci, these thresholds are 
constant, but for the paternal equivalents, the thresholds depend 
on k, the change in the father's reproductive value caused by a unit 
change in the mother's reproductive value, k may be close to 1 for 
monogamous species, and close to for promiscuous or polyan- 
drous species. Finally, for unimprinted progeny genes, the thresh- 
olds are the average of those for maternally and paternally im- 
printed genes. 

The top figure also gives the stopping rule for maternal invest- 
ment for the different types of genes (continue to invest until the 
benefitxost ratio falls below the specified level), whereas the bot- 
tom figure can be read as indicating how much more important the 
fetus is than the mother for the various genes. Note that for k = 1, 
all conflict is parent versus offspring, and that as k gets smaller, the 
conflict gradually becomes more maternal versus paternal. From 
Burt and Trivers (1998a). 
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offspring expression levels that the offspring has evolved to ignore. We also 
wonder whether these genes are especially likely to be expressed in the pla- 
centa and affect fetal growth. 

Even the clustering of imprinted genes may result from a history of con- 
flict between the different components of the imprinting machinery. If a 
gene is selected to acquire an imprint but Imprinter genes are selected not to 
apply it, the former may take advantage of imprinting mechanisms operat- 
ing at other nearby loci where Imprinters and targets are both positively se- 
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lected. Consistent with this idea are interconnected causal pathways act- 
ing both in cis and in trans within these clusters, such as between H19 and 
Igf2. Alternative explanations for clustering posit a general difficulty in be- 
coming imprinted (Haig 1997) or an imprinting process that is costly 
(Mochizuki et al. 1996). 

Kinship conflicts may also account for some of the apparent regularities 
in the mechanisms for reading methylation imprints. Take, for example, the 
evolution of ay-acting antisense RNAs, all 5 known examples of which are 
associated with the repression of a paternal allele (Reik and Walter 2001a). 
One possible explanation for this pattern is that these first evolved to work 
in an unimprinted way— recent work on mutations in the globin gene show 
how m-acting antisense RNAs may arise by a single mutational step (in this 
case, an 18kb deletion; Tufarelli et al. 2003). If so, their evolution implies 
past selection on the embryo for reduced expression, which leads us to 
expect they will more often be associated with demand inhibitors than 
with demand enhancers. It follows that they are more likely to evolve to be 
methylated and suppressed when paternally inherited (Arney 2003). This 
would explain why the 5 imprinted genes in which the silent allele is associ- 
ated with an antisense RNA are all maternally expressed (i.e., probably de- 
mand inhibitors). 

Reik and Walter (2001a) list 8 protein-coding genes that are maternally re- 
pressed and maternally methylated, but none that is paternally repressed 
and paternally methylated. This difference could be due to the constraint of 
active demethylation of the paternal genome immediately after fertiliza- 
tion—it might be that it is easier for the male germline to evolve to remove 
methyl groups than to add them and have them stick through the global 
demethylation. Alternatively, it could be because maternal methylation and 
silencing are more stable over evolutionary time than paternal methylation 
and silencing (Wilkins and Haig 2002). If a growth enhancer like Igf2 is ma- 
ternally silenced and the paternal allele is expressed in the offspring at the 
optimal level for either itself or the unimprinted progeny genes (or between 
the two), the maternal Imprinter genes, the maternal copy of Igf2, and the 
unimprinted progeny genes will not be selected to turn on expression of the 
maternal allele. By contrast, if a growth suppressor like Igf2r is paternally si- 
lenced and the maternal allele is expressed in the offspring at the optimum 
level either for itself or the unimprinted progeny genes (or between the 
two), and if the species is tending toward monandry (i.e., £>0.5 in Box 4.1), 
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the paternal copy of the gene will be selected to remain silent. However, the 
trans-acting, paternal Imprinter loci may be selected to reactivate the pater- 
nal gene— in other words, not to methylate it. Put more simply, if expression 
levels are mostly controlled by unimprinted progeny genes, maternal Im- 
printer genes and their targets will usually be selected in the same direction, 
whereas paternal Imprinter genes and their targets may be selected in oppo- 
site directions (particularly for high k), and so imprinting in the paternal 
germline may be less stable than that in the maternal germline. Either of 
these explanations could also account for the pattern with the antisense 
RNAs. In addition, subtler effects are being discovered almost daily and this 
literature will provide rich material for understanding conflict during the 
production of imprints in gametogenesis and subsequent maintenance in 
the offspring. 

Evolutionary Turnover of the Imprinting Apparatus 

One possible outcome of these conflicts between different components of 
the imprinting machinery is a constantly dynamic pattern of natural selec- 
tion, as evolutionary changes in one component of the imprinting machin- 
ery selects for an evolutionary response by another. At first sight, the im- 
printing machinery appears to be relatively stable, because the vast majority 
of genes that are imprinted in mice are also imprinted in humans. Excep- 
tions are Ig/2r, U2af-rsl, and Impact, which are imprinted in mice but not in 
humans (Kaneko-Ishino et al. 2003). Likewise, Mash2 is imprinted in mice 
but not in deer mice (Peromyscus spp.) and the reverse is true for pPll-v 
(Vrana et al. 2001). But there may still be a substantial amount of small-scale 
shifting, adjusting, and balancing, especially insofar as such variables as de- 
gree of polyandry or matrilocality change over time. As with many other 
classes of selfish genes, a good way to test for this is to look at genomic im- 
printing in species hybrids. If the machinery has been stable since the com- 
mon ancestor of the 2 species, the expression of imprinted genes in hybrids 
should be the same as in the parental species, whereas if the machinery has 
been evolving, it may not work properly in the hybrids. Thus far, the only 
extensive data on genomic imprinting in species hybrids is for 2 species of 
deer mice thought to have diverged some 100,000 years ago (Vrana et al. 
1998, 2000, 2001). Interestingly, the expression of most imprinted genes 
tested differs between reciprocal Fi hybrids of P. maniculatis and P. polio- 
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Table 4.3 Expression of imprinted 


genes in Peromyscus hybrids 
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^crosses are female X male 

Pat: paternal; Mat: maternal; Bi: biallelic 

From Vrana et al. (1998, 2001). 



notus, indicating that there has been recent evolution of these genes and/or 
the imprint recognition machinery since the species diverged (Table 4.3). 

The evolution of the imprinting machinery in these 2 lineages may have 
been accelerated by a change in the mating system. Like most mammals, P. 
mankulatus is polyandrous (the progeny of a single female often have differ- 
ent fathers, even within a single litter) whereas P. polionotus is mostly mo- 
nogamous. This change is expected to have resulted in fetuses being less de- 
manding, and consequently in mothers having less need to dampen fetal 
demand. Interestingly, while there was no consistent trend among the 3 ma- 
ternally expressed genes investigated, among the paternally expressed genes 
there were 3 genes for which one of the hybrids showed biallelic expres- 
sion, and for all 3 genes the hybrid was of P. polionotus females X P. manku- 
latus males. One interpretation of these results is that P. mankulatus females 
silence these genes more strongly than do P. polionotus females, or the im- 
prints "stick" better. This difference is in the expected direction of imprint- 
ing being somewhat relaxed in the monogamous species. It would be inter- 
esting to follow this up— to see how general the result is across both genes 
and species pairs, and to get at the underlying genetics of the difference. 

Another possible manifestation of perpetual evolution would be rapid se- 
quence evolution of the m-acting targets of imprinting and the proteins that 
interact with them. It would be interesting to compare rates of evolution of 
these regions with those of unimprinted genes. An early study suggested 
that imprinted genes do not have an obviously elevated rate of sequence 
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evolution (McVean and Hurst 1997), but we are not aware of a similar study 
on the as-acting control regions. 

Intralocus Interactions, Polar Overdominance, and Paramutation 

It is well accepted that sequences near a gene can evolve to affect the expres- 
sion of that gene, in cis. If it were mutationally possible, they would also be 
selected to affect the expression of the allele on the homologous chromo- 
some. Consider, for example, a sequence near the growth suppressor Igf2r. 
According to kinship theory, it will be selected to reduce the expression of 
Igflr when paternally inherited. It might be thought that the furthest it can 
evolve in this direction is to silence the paternal allele. However, it is very 
likely that Igf2r expression from the maternal allele will still be higher than 
is optimal for the paternal allele. Were it possible, the paternal allele would 
be selected to reduce expression from the maternal allele. Such selection 
pressures might account for some of the complex interactions between ma- 
ternal and paternal chromosomes at many imprinted regions: 

• Ig/2 (paternally active) and HI 9 (maternally active) are closely linked, 
oppositely expressed genes, and deletion of the maternal HI 9 not only 
increases methylation (and expression) of the maternal Ig/2 allele, but 
also reduces methylation of the paternal Igf2 allele (Forne et al. 1997). 

• The callipyge ("beautiful buttocks") mutation in sheep is a single base 
pair change in the DLK1-GTL2 imprinted domain that causes muscu- 
lar hypertrophy in + Ma '/CLP P '" heterozygotes, but not any other geno- 
type, including CLPG/CLPG homozygotes (Georges et al. 2003). This 
unusual form of inheritance has been called "polar overdominance" 
and appears to result from trans-repression of a paternally expressed 
growth promoter (DLK1) by a maternally expressed RNA-encoding gene 
(GTL2 and/or MEG8). 

• Rasgrfl is an imprinted gene in which the paternal allele is normally 
methylated and activated, and the maternal allele is unmethylated and 
silent. Herman et al. (2003) made a mutant form of Rasgrfl that, when 
paternally inherited, not only becomes methylated and activated it- 
self but also somehow causes the wildtype maternal allele to become 
methylated and activated. This "epimutation" of the maternal allele 
was stable, in that it was not silenced when passed through the female 
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germline. Moreover, in some instances after passing through the female 
germline, it somehow managed to silence the wildtype paternal allele in 
the next generation! The mutant Rasgrfl was created by replacing an in- 
ternal region controlling its own methylation by a similar region from 
Igf2r (which is maternally methylated and activated). Similar trans-ei- 
fects have been seen at the Ins2 gene of mice (Duvillie et al. 1998) and at 
some unimprinted loci in plants (so-called paramutation; Chandler et 
al. 2002). 
• There is a region of repeated sequences upstream of the human INS 
gene and the number of repeats affects the expression of both INS and 
IGF2. In Caucasians, alleles separate into 2 main size classes: Class I 
(26-63 repeats) and Class III (140 to >200 repeats). Class I genes are as- 
sociated with higher expression of INS and IGF2 in placenta and pan- 
creas, and they have a slight transmission ratio distortion (54%), which 
is independent of the sex of the parent and the sex of the child (Eaves 
et al. 1999). Presumably this reflects higher survival of fetuses with 
a Class I allele. Class I alleles are also associated with a lower frequency 
of polycystic ovary syndrome, but a higher frequency of type I diabe- 
tes. However, the latter association is highly unusual (Bennett et al. 
1997). The most common Class I allele (called 814, with 42 repeats, fre- 
quency in the United Kindom is 0.18, and 0.25 of Class I alleles) ap- 
pears to predispose to disease when inherited from the mother or when 
inherited from the father if in the father it was paired with another Class 
I allele. But if it was paired with a Class III allele, it does not predispose 
toward disease, as if it carried with it the protective function of the Class 
III allele. Thus, disease susceptibility appears to depend on the identity 
of the untransmitted paternal allele. Other Class I alleles do not behave 
in this way. 

The molecular basis of these trans-effects is unknown. One possibility is sug- 
gested by the observation that, for at least some imprinted domains, the ma- 
ternal and paternal regions are paired in mitotic cells at late S phase (LaSalle 
and Lalande 1996). In Drosophila it has been shown that a control sequence 
on one chromosome can affect the expression of a gene on the homologous 
chromosome, and that this effect is dependent on the somatic pairing of ho- 
mologous chromosomes ("transvection" effects; Kennison and Southworth 
2002). Another possible mechanism for trans-effects is antisense RNA pro- 
duction. 
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Transmission Ratio Distortion at Imprinted Loci 

Some imprinted regions show not only parent-specific expression but also 
parent-specific drive. One such example is in the distal region on mouse 
chromosome 12 (which contains the imprinted loci Dlkl and Meg3/Gtl2). 
Croteau et al. (2002) crossed 2 strains of mice, in both directions, back- 
crossed the hybrid females to one of the parental strains, and then moni- 
tored the genotypes of the resulting offspring. Genotypes were monitored 
for both implanted embryos (at 7.5 days postcoitum (dpc)) and for pups (at 
3 weeks postpartum). Individuals were scored according to whether they 
were male or female and whether they had inherited the maternal or pater- 
nal chromosome from their mother. There were thus four genotypes, and 
under Mendelian inheritance we would expect 1:1:1:1 ratios. But at 7.5 dpc 
there was a significant overabundance of males inheriting their mother's pa- 
ternal allele (Table 4.4). The cause of this is uncertain; if it was due to differ- 
ential postfertilization mortality, it implies some strong positive interaction 
between the Y chromosome and the mother's paternal allele in, say, the 
probability of implantation. Then in the period from 7.5 dpc to 3 weeks 
postpartum, males are more likely to die than females and progeny inherit- 
ing the grandpaternal allele are more likely to die than those inheriting the 
grandmaternal allele, and so the class with the highest initial survival had 
the lowest subsequent survival (Table 4.4). 

The causes of these mortality differences are unknown. Regarding the 
mortality from embryos to pups, the higher mortality of males is also seen 
in humans and brings the sex ratio at birth closer to 50:50. Croteau et al. 
(2002) suggest that the increased mortality of individuals with the grand- 
paternal allele is because of a failure to erase and reimprint in the maternal 
germline. If so, this seems like a high frequency of "mistakes," which itself 
requires explanation. By comparison, the frequency of spontaneous im- 
printing errors leading to Prader-Willi syndrome is thought to be 10~ 5 to 
10~ 6 (Naumova et al. 2001). Clearly there will be strong selection on target 
genes to acquire the correct imprint, and on zygotic genes to maintain it 
correctly, if the alternative is death. Might the maternal allele somehow be 
sabotaging the correct imprinting of the paternal allele, in order to drive? 
Alternatively, perhaps there is an imprinted maternal-effect killer locus in 
the region— a parent-specific version of HSR or scat* (see Chap. 2). 

Parent-specific drive has also been reported for some imprinted regions of 
human chromosomes, though the pattern differs from locus to locus, with 
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Table 4.4 Transmission by female mice of their paternal and maternal alleles at distal 
chromosome 12 to male and female offspring 





Numbers of 






Mendelian 


7.5dpc 


Numbers of 


Relative 


Expectations 


Embryos 


3-Week Pups 


Survival"" 



Pat Mat Pat Mat Pat Mat Pat Mat 

Male 1 1 153 106 285 294 0.62 0.93 

Female 1 1 101 109 238 326 0.79 1.00 

''Relative survival from embryos at 7.5 days postcoitum (dpc) to 3-week pups. 
From Croteau et al. (2002). 



no obvious logic (Naumova et al. 2001). For example, in a survey of 31 
three-generation families at the chromosomal region including Ig/2, females 
have an increased probability of dying if they inherit the paternal allele 
from their mother, but it does not appear to matter which they inherit from 
their father. By contrast, males have an increased probability of dying if 
they inherit the paternal allele from their father, but it does not matter 
which they inherit from their mother. However, at the region including 
Igf2r, both males and females are more likely to die if they inherit the pater- 
nal allele from their mother, but it does not matter which allele they inherit 
from their father. (Curiously enough, this region is homologous to proximal 
chromosome 17 in mice— which includes the t haplotype.) And, at the re- 
gion including GrblO, the only effect seems to be that females are more 
likely to die if they inherit the maternal allele from their father. If these re- 
sults are corroborated and found to be general, they represent perhaps the 
most intriguing mystery in the evolution of genomic imprinting. 



Biparental Imprinting and Other Possibilities 

We noted earlier that 1 possible route to imprinting is for trans-acting Im- 
printer genes to evolve to apply imprints onto the control regions of a par- 
ticular target gene, and that this could be viewed as an attempt by the parent 
to manipulate expression levels in the progeny Under monogamy (k~l in 
Box 5.1), there is little or no conflict between the maternal and paternal al- 
leles in an individual, but there is still the opportunity for substantial con- 
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flicts between parents and offspring, as each individual fetus or neonate will 
want more maternal investment than is optimal for either the mother or the 
father. This raises the possibility of selection for trans-acting Imprinter loci 
that act identically in male and female germlines to repress a growth pro- 
moter or activate a growth suppressor. Currently, genomic imprinting is de- 
fined as differences in gene expression according to the sex of the parent, 
but it may be useful to think more broadly about parental attempts to in- 
fluence gene expression in the next generation. Sometimes the parents will 
disagree, leading to maternal/paternal differences in gene expression, but 
sometimes they will agree. If mothers and fathers are manipulating fetal 
expression levels in the same direction, we could call this biparental im- 
printing. 

Haig (2000a) raises another interesting possibility: might genetic memory 
extend back more than one generation? It is easy to imagine both social situ- 
ations that select for such a pattern (e.g., sex-biased dispersal patterns, as 
seen in most mammals) and molecular mechanisms by which imprinting 
might be cumulative when genes are passed down the same-sex lineage. But 
we know of no direct observations on the matter. A related issue is whether 
components of the imprinting apparatus may themselves be imprinted. If 
so, one would have to consider kinship coefficients over 3 generations. Sug- 
gestive evidence comes from observations that genes affecting the methyla- 
tion of artificial transgenes can themselves work in a parent-specific manner 
(Allen and Mooslehner 1992). On the other hand, the expression of im- 
printed genes is maintained in androgenetic and parthenogenetic embryos, 
suggesting that genes involved in the maintenance and reading of imprints 
are not themselves imprinted (Sleutels and Barlow 2002). 

More generally, Haig (1994, 1996c) wonders whether imprinting might 
sometimes be facultative— for example, paternal alleles, or the paternal Im- 
printing apparatus, adjusting in response to the likelihood of the male mat- 
ing again in the future with the same female. And more speculatively, Haig 
(2003) wonders whether oppositely imprinted genes might, over time, 
evolve complex strategies of cooperation, defection, and punishment that 
are conditional on the expression of oppositely imprinted genes. It would 
be very interesting if such genes could create stable paternal and maternal 
personalities that interacted as individuals. If so, interactions with parental 
molding are expected to be important, because one set of genes in the off- 
spring, associated with one personality, has interests exactly aligned with 
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one parent but not the other, and vice versa. Does the degree of reciprocity 
between a couple affect the degree of reciprocity within their children? 

Other Traits: Social Interactions after 
the Period of Parental Investment 

Of course, kinship interactions extend beyond the parent-offspring relation- 
ship in many species. In these, imprinting is expected whenever effects of 
genes on patrilines differ from those on matrilines. For example, in many 
mammals females live their lives in close proximity to relatives and have 
many important interactions with them. These may include warning others 
of danger, shared use of space (and defense of it from conspecifics), social 
grooming, shared aspects of reproduction, cooperative food gathering (in 
some species, hunting), and so on. Insofar as these actions affect matri- 
lines and patrilines differently— as often they must— there is potential for im- 
printing. 

The chief difference between these effects and conventional parent-off- 
spring effects is that conventional effects are expected to act early in devel- 
opment, on starkly different degrees of relatedness, and to have profound 
ramifying consequences for juvenile growth and survival. By contrast, later 
kinship interactions may select for effects that have little to do with size but 
a lot to do with behavior, brain physiology, interactions with others, and in- 
ternal psychological conflict. In our own species, the latter may interact in a 
complex way with systems of deceit and self-deception, which may also pro- 
mote mental subdivision. A second difference is that there is now a very 
large body of evidence on early effects, while the evidence on later effects is 
often fragmentary or indirect. At the same time, the theoretical possibilities 
for the later effects are often more complex and interesting than those for 
early effects (leaving aside conflict over the mechanisms of machinery, 
which applies to both). In short, in the discussion that follows, there is a 
much higher ratio of theory and speculation to fact than in what has gone 
before. 

Consider alarm calls. In many ground squirrels adult females warn other 
closely related females of the approach of predators. In Belding's ground 
squirrels, these females are more related to each other on their maternal side 
than on their paternal, and they adjust frequency of calling to the number 
of closely related females living nearby (Sherman 1977, 1980). For unim- 
printed genes, alarm calling is a unitary event with a single goal: warning ge- 
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netically related females of danger. For imprinted genes there may be psy- 
chological bifurcation and conflict. We can easily imagine maternally active 
genes taking the lead in generating a sentry-like mentality, with the ap- 
proach of a predator eliciting a loud cry warning that "a predator is coming, 
a predator is coming!" while a fearful, inner paternal self urges the female to 
keep silent, to run and to hide. Degree of sociality between neighbors also 
correlates positively with kinship, and Holmes and Sherman (1982) have 
made the striking discovery that 1-year-old females in nature prefer their lit- 
termate full sisters over their littermate half-sisters. Nothing is known of im- 
printing in this group, but paternally active genes would gain the most from 
discriminating correctly between siblings based on their paternity. 

In mice, 8 of the 27 imprinted genes in Tycko and Morison's (2002) sur- 
vey have behavioral and/ or neuronal effects. And there is growing evidence 
in humans that imprinted genes have effects on adult behavior. Paternally 
active genes on the X chromosome appear to affect sociability and social in- 
telligence in women, while paternally active genes located on chromosome 
2 are associated with schizophrenia and handedness in one human popula- 
tion (Francks et al. 2003). Also, a series of studies have shown bipolar illness 
in people with Prader-Willi syndrome (Vogels et al. 2003 and references 
therein). The condition results from an imprinting failure and has many 
other effects on early development. The severity of autism, epilepsy, and 
Tourette syndrome may also depend on which parent donated the suscepti- 
bility gene (Isles and Wilkinson 2000). That adult behavior should show im- 
printing effects is expected, but the interpretation of these effects is obscure, 
largely because detection of the traits is based on gross dysfunction. 

Maternal Behavior in Mice 

The mother is usually equally related to her offspring through her maternal 
and through her paternal genes. Other things being equal, we expect no bias 
in her maternal behavior to evolve via imprinting. But at least 2 imprinted 
genes are known to have striking effects on maternal behavior in mice 
(Lefebvre et al. 1998, Li et al. 1999, Curley et al. 2004). Both are paternally 
active (Pegl/Mest and PegS) and together these copies have positive effects 
on such diverse maternal traits as nest-building, retrieval of pups, eating of 
the placenta, oxytocin levels in the brain, and thermoregulatory behavior 
toward pups. 

There are at least two reasons why selection may have favored paternal 
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genes for these maternal traits. Inevitably, maternal investment will, to some 
degree, subtract from investment available for other relatives. Insofar as a 
female is more related to these relatives on her maternal chromosomes, 
her paternal ones will show a stronger interest in maternal behavior and in- 
vestment (Haig 1999b). Or, consider possible relatedness between mates 
(Wilkins and Haig 2003b). This will tend to be higher early in a female's re- 
productive life on the paternal side (e.g., father-daughter) and it will tend to 
decline with time. Thus, paternal genes will be more closely related to cur- 
rent progeny than to later, and are expected to favor more parental invest- 
ment now. 

But there is a coincidence. Both of these genes also enhance prenatal 
growth (as expected for paternally active genes). Why should these 2 differ- 
ent kinds of effects be associated in 2 different imprinted genes? To us the 
most plausible scenario is that 1 imprinted effect came first— most likely the 
effect in offspring favoring early growth (because this would usually be 
more strongly selected)— and that this imprinted gene then attracted addi- 
tional imprinted functions (in this case, affecting maternal behavior in adult 
females). Strong selection in one context may sometimes also be associated 
with strong selection in the other. With many maternal half-siblings, for ex- 
ample, selection favors both selfish paternal growth effects in offspring, as 
well as greater paternal control of maternal investment in adult females. 

Whether or not this scenario turns out to be correct, the general point re- 
mains that once imprinting evolves at a locus, that locus experiences a new 
set of selection pressures (due to its new set of kinship coefficients). This 
may cause it to evolve new functions or expression patterns that it did not 
previously have. Not only does the function of a gene influence whether it 
evolves to be imprinted, but the imprinting status of a gene should also in- 
fluence the evolution of new function. Effects in both directions could con- 
tribute to the correlation between imprinting status and function. 

Inbreeding and Dispersal 

When an individual inbreeds, he or she is related to the partner through the 
mother or the father or both. When related through mother and father (e.g., 
toward a full sibling), maternal and paternal genes usually calculate the 
same degree of relatedness to the partner (in this case, one-half). In the 
more usual cases, r is measured only through one parent (e.g., half-sibling or 
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cousin). Consider a female about to engage in an extrapair copulation with 
her maternal half-brother (that is, they will not raise the child together). Ma- 
ternal genes in her see the half-sibling as related by one-half, increasing the 
relatedness to their own offspring by one-fourth. Against this must be set 
the costs of inbreeding depression. If the gain in relatedness outweighs the 
costs of inbreeding, maternally active genes will be selected to promote in- 
breeding. By contrast, paternally active genes are expected to look askance 
at this kind of inbreeding. They enjoy no gain in relatedness but surely suf- 
fer the costs of inbreeding, so paternally active genes will be selected that 
discourage inbreeding on the maternal side. We can easily imagine mater- 
nally active genes in females that think kissing cousins are cute, while pater- 
nally active genes look on in a sullen and moralistic way, emphasizing the 
biological defects so generated! 

Exactly the opposite attitudes to inbreeding are expected in the male 
about to mate with his maternal half-sister: his maternal genes will worry 
about saddling the half-sister with low-fitness offspring, while his paternal 
genes will take a devil-may-care attitude and urge him on— go for it! Again, 
age effects are possible to imagine, with paternal genes more likely to favor 
inbreeding between age-mates (paternal half-siblings) than maternal genes. 
Haig (1999a) has undertaken a general analysis of incest along these lines, 
considering the various categories in turn— full sibling, father-daughter, and 
so on. 

Dispersal is also a social act whose evolution is influenced by kinship, in- 
sofar as it reduces the probability of mating and competing with relatives. If 
we imagine an ancestral state with no (sex bias in) dispersal, the average re- 
latedness of an individual to the entire social group (as opposed to just lit- 
termates) would usually be greater through paternal genes than maternal, 
due to higher variance in male reproductive success. This will be particularly 
true if we consider relatedness to individuals of the same age, who are the 
more likely mates and competitors. Thus, dispersal away from the social 
group will initially be more advantageous to paternal genes than to maternal 
genes, and we might expect paternally active genes to have taken the lead in 
its evolution. 

Low male parental investment and high variance in male reproductive 
success should also select for male dispersal. First, high variance in male re- 
productive success will select for dispersal away from male relatives, such as 
brothers, to avoid cutting into each other's reproductive success. New, suc- 
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cessful male genotypes— absent special opportunities for cooperation— will 
benefit from migrating away from each other. Also, opportunities for coop- 
eration may be more likely for members of the investing sex, who share 
many activities in common toward offspring. Where there is substantial in- 
breeding depression, each sex may be selected to avoid inbreeding. For ca- 
sual encounters, the investor loses more, so females will be more strongly 
selected to avoid inbreeding than males. Such choice will decrease the num- 
ber of suitable mates for a female, and will directly decrease male reproduc- 
tive success, thus further selecting for dispersal. 

For all of these reasons, we imagine that selection has rapidly favored a 
sex-biased pattern of dispersal, such that in many species with negligible 
male parental investment, males migrate further from place of birth and 
places of mating than do females. In any case, this is the common pattern 
and it has immediate implications for how paternal and maternal related- 
ness develop within groups over time. In a simple model, Haig (2000b) 
showed that male dispersal creates a set of female relatives who tend to be 
more related to others on the maternal than paternal side, although this 
differential of relatedness varies with the relative age of the 2 individuals. 
For example, if a single male simultaneously fertilizes many females, pater- 
nal relatedness will reach maximal value for age-mates. In baboons in na- 
ture, pairs born within 2 years of each other are less likely to engage in sex- 
ual consortships than pairs born at greater intervals (Alberts 1999). In semi- 
free-ranging rhesus macaques, the closest female affiliative relationships are 
between maternal half-siblings, but paternal half-siblings are favored by fe- 
males over non-kin, especially when they are age-mates (Widdig et al. 2001). 

When reversals in sex-biased dispersal take place (e.g., humans and chimps 
compared to other primates) we might expect even the direction of imprint- 
ing of some genes to vary from species to species. 

Kin Recognition 

Recent studies show striking evidence of imprinting effects in the kin recog- 
nition abilities of humans and mice. In our own species, women have been 
shown to prefer odors from men who have HLA alleles similar to their own 
paternally derived alleles, while the degree of similarity to their maternally 
derived alleles seems not to matter (Jacob et al. 2002). This is not simply a 
matter of preferring the smell of father, because the degree of similarity to 
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the untransmitted paternal alleles was also unimportant. It is as if, some- 
where in the olfactory system, only the paternal HLA alleles are expressed 
and odors are compared to it. 

Imprinting is also involved in the kin recognition abilities of mice. Males 
and females from reciprocal crosses of 2 inbred lines that were transferred as 
embryos into females of a third line avoid the smell of female urine from 
the same strain as their genetic mother (Isles et al. 2001, 2002). They have 
no such differential response to male urine. Apparently there is something 
in the urine of females that individuals are comparing to their maternally 
derived genes, and if there is a match, they find it aversive. The fact that 
both males and females are responding suggests it has something to do with 
spacing rather than inbreeding avoidance. 

In another study on mice, males and females from reciprocal crosses of 
inbred lines were cross-fostered at birth to new mothers of either of the 2 pa- 
rental strains (Hager and Johnstone 2003). The amount of milk transferred 
from mother to pups was greater when pups were raised by a female from 
the same strain as their genetic mother than when they were raised by a fe- 
male from the same strain as their genetic father. One interpretation of this 
result is that females have evolved to recognize and favor their own off- 
spring by cueing in to pups' maternally derived alleles. Such recognition 
abilities would be useful in mice, whose young are nursed in communal 
nests with females sometimes caring for the young of others. 

Functional Interpretation of Tissue Effects in Chimeric Mice 

Some of the most intriguing facts regarding imprinting are indirect, coming 
from the study of chimeric mice, which are mice whose cells are a mixture of 
types. Wildtype cells are mixed with cells whose double set of genes came 
from a single parent, either the father (androgenetic) or the mother (gyno- 
genetic or parthenogenetic). These chimeras present less radical phenotypes 
than might have been expected. At all loci, there is some degree of normal 
gene expression (from the wildtype cells, which typically make up more 
than one-half of the chimera), while the strength of the uniparental effect is 
expected to reflect relative cell frequency in the chimeras. By contrast, in 
knockout mice or uniparental disomies, some uniparental effects are im- 
posed on all cells. 

As mentioned earlier, data from numerous chimeras show a general effect 
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Table 4.5 Mouse tissues showing a bias in chimeras toward paternal (androgenetic) or 
maternal (parthenogenetic or gynogenetic) cell contribution 



Paternal Maternal 



Extraembryonic Embryo 

Hypothalamus Cortex 

Chondrocytes Dentin 

Enamel Olfactory mucosa 



Data from Fundele and Surani (1994), Fundele et al. (1994, 1995a, 1995b), Allen et al. (1995), 
and Keverne et al. (1996). 



in which the size of the chimera increases as the frequency of gynogenetic 
cells decreases and (separately) as the frequency of androgenetic cells in- 
creases (Keverne et al. 1996, Fundele et al. 1997; see Fig. 4.4). More strik- 
ingly, differently derived cells proliferate and survive in some kinds of tis- 
sues and disappear from others. Although the creation of chimeras is time- 
consuming and sample sizes small, consistent patterns emerge (Table 4.5). 
Androgenetic cells do well in the skeleton (chondrocytes), the hypothala- 
mus, and the cell layer that produces enamel of teeth, but not in the brain as 
a whole (Fig. 4.4), while maternal ones do well in the brain itself, especially 
the neocortex, and in the cell layer that produces the dentin of teeth. Mater- 
nal cells also survive preferentially in the olfactory mucosa and vomero- 
nasal tissue. In very early development, androgenetic cells proliferate in 
extraembryonic tissues and gynogenetic cells in the embryo proper. Andro- 
genetic cells also show up in brown adipose fat (though there is wide varia- 
tion in the original data). The assumption is that these differences in relative 
survival of cells reflect differences in the activity of imprinted genes within 
them. For some tissues we already know this to be true. Paternally active 
genes (but not maternally active) are found in the mouse hypothalamus and 
in brown adipose fat tissue (Curley et al. 2004, Plagge et al. 2004). 

The meaning of these facts is mostly obscure. If neocortex is especially 
oriented toward social interactions involving kin and associated conscious 
mentation, a maternal dominance may make sense, while the hypothala- 
mus, involved directly in appetites, might represent a more narrowly selfish 
orientation, hence paternal dominance. Psychologically it is easy to imagine 
one inner voice saying, "I like family, family is important," while the other 
counters, "I'm hungry!" Enamel is believed to be tissue expensive in rare 
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Figure 4.4 Total size at birth and brain size at birth as a function of the percentage of 
cells in mouse chimeras expressing only paternally active genes. Body and brain size at 
birth are plotted as a function of different categories of chimeras according to percent- 
age of androgenetic (double paternal) cells. Control (none), low, intermediate 1, inter- 
mediate 2, and high percentage of androgenetic cells. Note that brain size goes down 
while body size goes up, so relative brain size declines even more sharply with increas- 
ing frequency of paternally active genes. Courtesy of E. B. Keverne, data in Keverne et 
al. 1996. 



minerals, while brown adipose fat is rich in energy for immediate consump- 
tion; hence both may show a selfish (paternal) bias. It is also possible that 
paternal genes may favor slower teeth eruption as this is associated with 
longer nursing and greater maternal interbirth intervals (Lahn et al. 2001). 
It is interesting that adult male chimeric mice with a large complement of 
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parthenogenetic cells in the brain are quick to aggress against other males 
(Allen et al. 1995). The interpretation of this finding is not obvious, but we 
prefer the following. If dispersal is sufficiently male-biased that maternally 
active genes are selected to take the lead in causing that dispersal, they 
should also cause the dispersing males to avoid each other. Quick aggression 
as maternal relatedness is detected would seem a natural device to space out 
maternally related males. The intention is not to injure the opponent, only 
to drive him away quickly. Our argument rests on the assumption that 
males with parthenogenetic cells are detecting each other as close maternal 
relatives, perhaps because of their shared parthenogenetic cells, especially in 
the olfactory mucosa and olfactory bulb. 

Deceit and Selves-Deception 

It is generally recognized that natural selection may favor intraspecific de- 
ception in a wide range of contexts, including sexual misrepresentation, 
false warning cries, parent-offspring relations, and a host of others (Trivers 
1985). It is less widely recognized that selection to deceive and to avoid be- 
ing detected may select for self-deception in the deceiver, the better to hide 
the ongoing deception from others. If conscious knowledge of ongoing de- 
ception is accompanied by stress in the deceiver, the deception may be ren- 
dered unconscious so as not to reveal the stress. In short, mental fragmenta- 
tion—with some internal conflict— may serve the individual by hiding useful 
information from others (reviewed in Trivers 2000). 

Genomic imprinting opens up new vistas in self-deception, which might 
almost be called "selves deception." While not the only source of internal 
genetic conflict over actions toward relatives, genomic imprinting pits half 
of the nuclear genotype against the other half, easily selecting for biased in- 
formation flow within the organism that may resemble classical self-decep- 
tion. If the neocortex helps allocate resources to others by giving signals 
from the hypothalamus a given weight in its calculations, selection for pa- 
ternal effects in the hypothalamus may favor a heightened signal so as to 
compensate for maternal efforts toward down-regulation from the neocor- 
tex, and vice versa. 

Haig (1996d) has modeled the analogous situation of mother-fetal con- 
flict in which fetal hormones have replaced maternal ones as control agents 
for various maternal states pertaining to blood flow, blood sugar levels, and 
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so on. In mother-fetal conflict the two are separate organisms related by 
one-half in which the fetus has preferential access to the mother's blood- 
stream, where it can augment her hormone levels for desired downstream 
effects. In conflicts due to genomic imprinting, the two are unrelated ge- 
nome halves of the same individual that may be differentially expressed in 
different parts of the body, favoring biased forms of communication be- 
tween these parts. These could also involve hormones and be subject to the 
same escalation of hormone production by some tissues, countered by in- 
creasing inertness to the hormones in others. This, of course, is on top of 
any within-tissue conflict between maternal and paternal genes (over levels 
of hormone production, for example, or sensitivity to its effects). 

Insofar as a paternal orientation may often be the more selfish one and 
we wish to suppress evidence of such selfishness to others, there may be 
a tendency for the paternal viewpoint to be more often unconscious. 
Whether stable alternative personalities could be associated with paternal 
and maternal genes is, of course, completely unknown. 

There is growing evidence that the 2 brain hemispheres are asymmetrical 
regarding consciousness and self-deception (reviewed in Trivers 2000). For 
example, the right side of the amygdala is activated during unconscious 
perception, while the left is activated during conscious (Morris et al. 1998). 
Injuries to the left side of the brain causing right-side paralysis are never as- 
sociated with denial and rationalization, while a small minority of right- 
hemisphere injuries show bizarre denial of the paralysis and then rational- 
ization when the individuals are shown films proving otherwise ("my arthri- 
tis is acting up"; Ramachandran 1997). This is interpreted as reflecting the 
natural tendencies toward self-deception of the left side of the brain, un- 
checked by the right. Given these facts, we would be surprised if some im- 
printed genes affecting brain function were not found to do so asymmetri- 
cally. 

Imprinting and the Sex Chromosomes 

So far we have restricted our discussion to imprinting of autosomal genes, 
and the imprinting of sex-linked genes has a number of additional consider- 
ations. For example, the Y chromosome in mammals is always paternally 
derived. Therefore, we can expect it to evolve the selfishness of a paternally 
derived gene, but without the need for reversible imprints (Hurst 1994). 
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Similarly, the X chromosome in males is always maternally derived, and so 
genes on it that are expressed only in males are expected to evolve the self- 
restraint of a maternally derived gene, again without the need for reversible 
imprints. 

Female mammals are typically XX, and the evolution of imprinted genes 
expressed in them depends on the system of dosage compensation. In fe- 
male marsupials, the paternal X chromosome is inactivated or ejected from 
somatic cells, and so only the maternal X is expressed (VandeBerg et al. 
1987, Johnston et al. 2002). Therefore, it will evolve as in males, to have the 
same self-restraint as any maternally derived gene. Again, reversible im- 
prints are unnecessary (beyond whatever is needed for the silencing or ejec- 
tion of the paternal chromosome). But in eutherian mammals, females are 
mosaics, with the maternal X silenced in some cells and the paternal X si- 
lenced in others (Lyon 1961). Thus, both chromosomes are expressed, each 
in about half of the organism. Here we expect the usual pattern of the pa- 
ternally derived X being more selfish than the maternal X in promiscuous 
species. 

There are additional possibilities for imprinting of sex-linked genes under 
monandry. If all the progeny of a mother have the same father, the paternal 
X chromosome in a female will be found in all her sisters, but (obviously) 
none of her brothers. Thus, a paternally active X-linked gene that consumed 
brothers to benefit self or sisters would spread. A maternally active X gene 
would value brothers and sisters equally and half as much as self (thus more 
nearly approximating mother's best wishes). The opposite argument applies 
to the Y chromosome in a male, which would value self and brothers to the 
exclusion of sisters. 

The kind of effect that might be produced is suggested by evidence from 
gerbils and mice that the sex of one's intrauterine neighbor has a strong ef- 
fect on development (Clark and Galef 1995). A female developing between 
2 males is masculinized to her own disadvantage, development is slowed, 
and— compared to a female raised between 2 females— lifetime reproductive 
success (in the lab) is cut by one-half (Clark et al. 1986, Clark and Galef 
1988). The same pattern is found for males: benefits from male neighbors, 
costs from female (Clark et al. 1992, Clark and Galef 1995). But mice re- 
leased into nature show little effects of prior intrauterine position on sur- 
vival and reproduction (Zielinski et al. 1992). Is this an example of im- 
printed sex chromosomes favoring their own kind in utero? Paternal Xs are 
expected to try to create a female-benefiting uterine environment and Ys a 
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male-benefiting one, regardless of cost to the opposite sex, while maternal 
Xs and autosomes want a more gender-neutral environment. Unfortunately, 
little is known of the degree of polyandry in nature for either gerbils or 
mice, or whether degree of monandry across species correlates with degree 
of intrauterine effects. The few observations from gerbils suggest that a fe- 
male in the wild often mates with more than 1 male per season (Agren et al. 
1989). 

Note that a mammal species switching from polyandry to monandry 
would simultaneously reduce selection for imprinting on autosomes while 
selecting for sex-specific benefits from the paternal X and Y. An interaction 
between autosomes and the paternal X could occur in the monandrous spe- 
cies. Paternal Xs could activate paternal autosomal genes otherwise newly 
silenced or might oppose movement to biallelic expression of maternal 
genes. A Y in males might have similar effects. 

Another factor in the evolution of sex-chromosome imprinting is that it 
could be used as a way to encode sexual dimorphism, at least in eutherians 
(Iwasa and Pomiankowski 2001). For example, if the paternally derived al- 
lele is silenced, the gene is expressed in all the cells of a male but in only half 
the cells of a female. And, if the maternally derived allele is silenced, the 
gene is expressed in half the cells of a female but not at all in a male. Such 
effects may be particularly important in the evolution of sexually dimorphic 
expression patterns for early-expressed genes, before circulating sex hor- 
mones are available as a signal of sex. 

Skuse et al. (1997) have made a striking discovery concerning the human 
paternal X chromosome. It appears to have an imprinted gene or genes that 
affect positively the degree of sociability and social intelligence. The evi- 
dence comes from women with only 1 X chromosome (Turner's syndrome): 
their single X may be maternal (less sociable and socially aware) or paternal 
(more so). By inference, these paternal X genes improve a female's ability to 
detect the feelings and emotions of others, to interpret their body language, 
to understand her effects on them, to reason with them when upset, and so 
on. There are also subtle effects on memory, including one test on which fe- 
males with only the paternal X do better (Bishop et al. 2000). It is also note- 
worthy that some of these tests imply that imprinting affects hemispheric 
specialization (for a paternal X effect on brain morphology, see Kesler et al. 
2003). It is as yet unclear whether imprinting in this case evolved due to kin- 
ship conflicts or sexually dimorphic selection pressures. 

As we have seen, the mammalian system of dosage compensation itself 
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depends on imprinting, though slightly differently in marsupials and eu- 
therians. Even within eutherians, there are differences: in mice, while most 
tissues show random X inactivation, in the extraembryonic trophoblast it is 
always the paternal X that is inactivated. Interestingly, this appears to be due 
to a paternally active gene on the X that causes the rest of the X to become 
inactive (Lee and Jaenisch 1997). In humans, all tissues appear to show ran- 
dom X inactivation. 

Why might the paternal X be selected to shut itself down in mouse 
trophoblast (and perhaps also in marsupials, though it is not clear yet 
whether this is due to an X-linked gene)? Haig (2000a and pers. comm.) sug- 
gests an answer based on kinship conflicts. He argues that on the X chromo- 
some allelic substitutions at unimprinted loci are expected to be biased in 
favor of matrilines. This is true as long as there is no differential imprinting 
of sons versus daughters because then 2 Xs arrive from matrilines (mother) 
each generation and only 1 from a patriline (father). If these effects are 
sometimes dosage-sensitive, a paternally active gene may be favored that re- 
duces dosage of the matrilineally biased genes by shutting down the entire 
chromosome. 

This, we imagine, would usually be associated with a substantial cost, and 
we prefer the simpler idea that X inactivation evolved in parallel with the 
degeneration of the Y chromosome, so the X- and Y-bearing gametes from a 
male were largely equivalent in gene expression. Random X-inactivation 
might then have replaced paternal X-inactivation, in order to mask the ef- 
fect of deleterious recessive mutations (Chandra and Brown 1975). Interest- 
ingly, a very similar system of dosage compensation has been reported from 
a mole cricket (Gryllotalpafossor), an insect with no obvious scope for kin- 
ship conflicts (Rao and Padmaja 1992). 

The evolution of random X-inactivation in placental mammals may have 
had its own interesting consequences. Haig (pers. comm.) points out that, if 
Xs are differentially imprinted, there will be selection to resist silencing and 
instead induce it in the other chromosome. In this way, a higher proportion 
of the organism would show the preferred expression pattern. Again, this 
is a situation that might lead to rapid evolution, and it is interesting in this 
respect that within mice there is significant allelic variation at the X-linked 
Xce locus that controls X-inactivation, with the result that, in heterozygotes, 
the proportion of cells with one X active versus the other can be very dif- 
ferent from 50:50 (Johnston and Cattanach 1981, Plenge et al. 2000). And, 
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in Peromyscus maniculatis X P. polionotus hybrids, P. maniculatus Xs are ex- 
pressed about 85% of the time in female embryos (Vrana et al. 2000). 

The fact that females are mosaics also introduces the possibility of cell 
lineage selection. In mice there appears to be a tendency for cells with a pa- 
ternally active X chromosome to outnumber those with a maternally active 
chromosome (Cattanach and Beechey 1990). One explanation is that, as ex- 
pected, cells with a paternally active X have a slightly higher optimal growth 
rate. It would be interesting to look for consistent differences among tissues 
(as in chimeric mice). In addition, clones of cells with the same active X can 
be seen in morphology (e.g., coat color patterns in cats) and this is also true 
of the brain: alternating radial bands of cells in the cortex express either pre- 
dominantly the paternal or the maternal X chromosome (Tan et al. 1995). 
Are these bands ever in conflict, especially in monogamous species— and, if 
so, what kinds of mental states are thereby generated? 

Genomic Imprinting in Other Taxa 

Within-individual kinship conflicts can be expected in many taxa outside of 
mammals. In a striking case of evolutionary convergence, genomic imprint- 
ing is also found in flowering plants, and, specifically, in their placenta-like 
structure, the endosperm. There are other groups with intimate parent-off- 
spring connections, and we shall speculate on the possibility that imprint- 
ing has evolved in them as well. 

Flowering Plants 

The first imprinted gene was described in a plant— the maternally active en- 
dosperm pigment gene in maize (Kermicle 1970)— but relatively few have 
been described since then. Baroux and colleagues' (2002) review lists only 
4 imprinted genes in maize endosperm and 1 major imprinted gene, 
MEDEA, in Arabidopsis- with several associated FIE genes, also known now 
to be imprinted (Danilevskaya et al. 2003). MEDEA conforms to kinship 
expectations because knockouts of maternally inherited copies result in em- 
bryo overgrowth. The genes in maize are uninformative because they all 
show the unusual feature that imprinting is specific to some inbred strains 
and not others. We know little or nothing of the selection pressures that 
have gone into forming different inbred lines; depending on selection for 
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kernel size, selection on imprinting could differ markedly. For example, 
selection for large kernels may favor biallelic expression at paternally ac- 
tive growth-promoting loci and nonallelic expression at maternally active, 
growth-inhibiting loci— in either case, removing the gene from imprinted 
status. Arabidopsis is self-fertilizing but presumably only partially or recently 
so; otherwise, there would be no selection for imprinting. Further reviews of 
imprinting in plants can be found in Grossniklaus et al. (2000) and Messing 
and Grossniklaus (1999). 

Most of the evidence for imprinting in plants comes from the effects of 
altering the normal 2:1 balance of maternal and paternal chromosomes in 
the endosperm. This can be done by crossing parents of different ploidy. 
Crossing a tetraploid female (4x) with a diploid male (2x) produces an en- 
dosperm with a 4:1 ratio (female-biased) while the reciprocal cross generates 
a 2:2 ratio (male-biased). Evidence from many such crosses produces a con- 
sistent picture: maternal excess is associated with restrained growth and 
small size of the endosperm, while paternal excess is associated with greater 
growth, at least initially (Haig and Westoby 1991). There are, of course, 
exceptions. In maize endosperm with an extra set of paternal genes (2:2), 
there is premature appearance of starch but the critical nutrient-transporting 
transfer cell layer fails to develop and seeds become shrunken (Charlton et 
al. 1995). 

Recent work on Zea mays helps to explain the common observation that 
in the endosperm of flowering plants, paternal excess promotes cell prolifer- 
ation—and maternal excess prevents cell division (Leblanc et al. 2002). Ma- 
ternal genomic excess (4x X 2x crosses) forces endosperm cells to enter early 
into endoreduplication (replication of DNA without subsequent cell divi- 
sion), resulting in multiple copies of the genome per nucleus. Paternal ge- 
nome excess (2x X 4x) prevents its establishment. As expected, the evidence 
suggests that there are maternally active gene(s) involved in mitotic arrest 
and paternally active ones that initiate reentry into S phase. In Arabidopsis 
ihaliana a double dose of maternal chromosomes inhibits development of 
the endosperm, resulting in a smaller embryo, while a double dose of pater- 
nal promotes growth of the endosperm and embryo (Scott et al. 1998). Tri- 
ple doses lead to more extreme initial phenotypes followed by abortion. 
Using a transgenic line with reduced methylation in crosses with normal 
plants, Adams et al. (2000) were able to reproduce the effects of different 
ploidies. Hypomethylation prevents inactivation of genes, in effect, dou- 
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bling expression of oppositely active genes. It is striking that development is 
less severely affected if both parental genomes are hypomethylated, suggest- 
ing that activation of oppositely imprinted pairs of genes is occurring. 

But why a triploid endosperm in the first place? Haig and Westoby (1991) 
argue that imprinting itself may be involved. Assume an original diploid en- 
dosperm that evolves paternally active and maternally active genes. As- 
suming some of these are dosage-dependent, doubling of the maternal ge- 
nome may give maternally active genes an additional advantage. 

There is enormous variation in the relative size of the endosperm and the 
embryo of flowering plants. In maize 90% of the seed is endosperm; in peas 
it is 10%. We would expect correlated effects on imprinting (and asexual re- 
production). That is, relatively large endosperm should be associated with 
imprinting of the endosperm and little or none in the embryo, while the re- 
verse is expected for relatively small endosperm. In the former, imprinting 
does not act as a barrier to asexual reproduction, especially with pseudo- 
gamous apomixis, in which the endosperm is fertilized but not the embryo 
(Haig and Westoby 1991). By contrast, groups of plants with large embryos, 
compared to endosperm, are expected to see asexual reproduction evolve 
less frequently. 



Other Taxa Predicted to Have Imprinting 

Within-individual kinship conflicts are not limited to mammals and plants, 
but arise wherever there is postconception maternal investment, and also 
when later kin interactions are asymmetrical for paternal and maternal al- 
leles. Birds, for example, have postconception parental investment and so 
may be expected to show imprinting, but the circumstances are complicated 
by monogamy, extrapair copulations, and the chance of exploiting the op- 
posite-sexed parent in biparental families (Trivers and Burt 1999). Here we 
review other likely candidate taxa in which imprinting has not yet been ob- 
served but might be expected. 

Viviparous vertebrates. In mammals and flowering plants, offspring are 
in intimate contact with their mothers (or maternal tissue) during critical 
stages of early development. They are in a position to actively extract addi- 
tional resources. The various mechanisms that the human fetus appears to 
employ to gain additional resources from the mother have been beautifully 
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described by Haig (1993b). All of these mechanisms are subject to selection 
for imprinting. It is at present unknown whether related kinds of imprinting 
have evolved outside of mammals and flowering plants, but they are cer- 
tainly expected in viviparous species such as some lizards, snakes, frogs, fish, 
and arthropods, all of which have evolved intimate parent-offspring associa- 
tions during early development. In pipefish and seahorses, intimate connec- 
tions are established between the offspring and their father— and broods 
may consist of offspring contributed by more than 1 mother, so that mater- 
nally active genes would be expected to play the same selfish role normally 
played by paternally active genes in species such as ourselves. 

Haplodiploid social insects. The haplodiploid social insects— such as ants, 
bees, and wasps— provide special opportunities for imprinting to evolve 
throughout the lifecycle (Haig 1992, Queller 2003). Because individuals 
spend their lives investing in relatives to whom they are usually differen- 
tially related by sex, paternal and maternal chromosomes in females are of- 
ten thrown into conflict about a series of reproductive decisions, including 
investment in self, investment in reproductives, ratio of investment in male 
and female reproductives, survival of the queen, encouragement of laying 
workers, and so on. 

In their inheritance, haplodiploid species are exactly like X chromo- 
somes— 2 sets of chromosomes in a female, 1 in a male. Under complete mo- 
nogamy (single insemination of the queen), a worker ant's paternal genes 
are identically related to those of other females but unrelated to those of 
males. Regarding the ratio of investment, paternal genes prefer all-female, 
while maternal, at their equilibrium, 1:1 (Haig 1992, Queller 2003). In hos- 
tile interactions between 2 sister workers (or incipient queens), paternal 
genes would be expected to value the other female as much as self while ma- 
ternal genes would see the other as related by only one-half. These are just a 
few of the many critical variables over which imprinting is expected to 
evolve (Queller 2003). 

Counterintuitive effects are also expected. Because the mother is equally 
related to her daughters, a selection pressure exists for her to silence her own 
genes affecting interactions among her daughters— the better to express her 
mates' because the latter will express her own interests! (Of course, any ten- 
dency toward multiple mating by females reduces these effects.) The direc- 
tion of imprints may easily change in response not just to degree of polyan- 
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dry but also to variables such as queen number. But unlike diploid systems, 
there is not much conflict expected between Imprinter genes and imprinted 
(Queller 2003). For example, males, being haploid, pass on all their genes to 
daughters so there can be no such conflict. 

Although suggestive evidence for imprinting in sex determination of a 
haplodiploid species has been uncovered for the hymenopteran parasitoid 
Nasonia vitripennis (Dobson and Tanouye 1998), there is no evidence what- 
soever on the kinds of effects predicted by kinship theory. In that sense, 
eventual work on imprinting in the Hymenoptera should provide a rela- 
tively pure test of the kinship theory of imprinting, because striking effects 
are predicted on many aspects of social insect biology. Indeed, if these argu- 
ments are correct, social insects may serve eventually as much as an example 
of internal genetic conflict as they now do for between-individual coopera- 
tion (Queller 2003). 

Diploids on haploids. Postzygotic investment and the potential for mater- 
nal-paternal conflicts of interest also occur in those species in which a dip- 
loid phase grows on a haploid. For example, in Neurospora and other hyphal 
ascomycetes, a single fertilization event produces a dikaryon and eventually 
leads to the production of many haploid spores, and paternally derived 
genes will be selected to increase the number of spores, more or less regard- 
less of the consequences for the supporting maternal mycelium. Will the 
filamentous ascomycetes be the next group in which genomic imprinting is 
discovered? They do have methylation (Foss et al. 1993), and, interestingly, 
apomixis derived from sex is rare among fungi (Carlile 1987), consistent 
with both maternal and paternal genomes being required for development. 
Similar diploid-on-haploid life cycles occur in bryophytes (e.g., mosses) 
and red algae. The traditional explanation for this postfertilization ampli- 
fication of the diploid phase is that it represents a way for the mother to in- 
crease the number of progeny from a single rare fertilization event. Alterna- 
tively, perhaps it is a way for the offspring to parasitize the mother. If so we 
would expect paternally imprinted genes to have taken the lead in this. In- 
deed, much of the evolution of these diploid tissues and individuals may 
have been pushed along by paternally active genes attempting to better ex- 
ploit the haploid mother. 
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IN ADDITION TO THE GENES in their nuclei, the vast majority of eukaryotic or- 
ganisms also have genes in their mitochondria (so-called mtDNA). Mito- 
chondria are cellular organelles found in the cytoplasm and responsible for 
oxidative phosphorylation and much of the cell's ATP production. That 
is, they convert food and oxygen into units of cellular energy This alterna- 
tive location for genes derives from the fact that mitochondria are descen- 
dants of bacterial endosymbionts and still contain their own DNA. Most 
importantly for the topic of this book, the replication and transmission of 
mitochondrial genes is fundamentally different from that of nuclear genes, 
which translates into differences in the pattern of selection. In the typical 
diploid eukaryotic cell, there are 2 copies of each nuclear gene, each one is 
replicated exactly once during the S phase of the cell cycle, and at mitosis 
each daughter cell receives 1 copy of each chromosome. The consequence is 
that, barring mutation or gene conversion, a heterozygous cell gives rise to 
heterozygous daughter cells— there is no segregation of nuclear alleles at mi- 
tosis, and no change in allele frequency. Birky (2001) describes the nuclear 
genome as "stringent." By contrast, mitochondria have "relaxed" genomes: 
the number of genomes per cell varies widely (e.g., 20 to 10,000), different 
mitochondrial chromosomes can be replicated different numbers of times 
during the cell cycle (Clayton 1982), and daughter cells typically inherit a 
more-or-less random partition of the chromosomes. Thus, at mitosis there 
can be both segregation and changes in gene frequency. Even in nondi- 
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viding cells, mitochondria are continually replicating and dying, and allele 
frequencies can change over time. These differences greatly increase the 
scope for within-individual selection, both among cells and within cells, 
and therefore for the evolution of selfish mitochondrial variants that are 
harmful to the host organism, but are still able to spread and persist because 
of a within-individual transmission advantage in the germline (Eberhard 
1980). 

Another major difference between mitochondrial and nuclear genes is 
that, in most eukaryotes, mitochondria are usually transmitted only by one 
sex, usually the female. This difference has the opposite effect of the first, as 
uniparental inheritance greatly reduces within-organism variation and thus 
the opportunity for within-organism selection. But it also means that mito- 
chondrial genes are selected only to increase female fitness, whereas nuclear 
genes are selected to increase male and female fitness equally. Thus, the dif- 
ferent patterns of transmission (uni- versus biparental) lead to conflicts over 
investment in male versus female function. 

Mitochondria are not the only ancient, vertically inherited, mutually ob- 
ligate endosymbionts— for example, all plants have chloroplasts, and many 
insects have bacteria to aid their digestion. These too have "relaxed" modes 
of replication and are expected to show within-individual selection, and 
thus the opportunity for selfish variants to arise. But we focus in this chapter 
on mitochondria, as the oldest, most widespread, and best-studied example. 
We begin with a brief survey of mitochondrial genomics, because the size 
and content of their genomes should in some sense define their evolution- 
ary potential. We then review (1) examples of within-individual mitochon- 
drial selection; (2) the idea that uniparental inheritance evolved specifically 
to prevent such selection; and (3) the resulting conflict between nuclear and 
mitochondrial genes over allocation to male and female function, particu- 
larly as manifested in widespread male sterility in flowering plants. As we 
will see, though nucleus and mitochondria cooperate intimately in making 
a functioning organism and typically cannot live without each other, all is 
not peace and harmony. 

Mitochondrial Genomics: A Primer 

In the time since mitochondria were free-living bacteria, the most striking 
change in their genome has been the extreme loss of genes, either absolutely 
or by transfer to the nucleus (Lang et al. 1999). The total number of pro- 
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teins encoded by mitochondria ranges from 97 (in the free-living flagellate 
Reclinomonas) down to 3 (in malaria-causing Plasmodium). In some protists 
the process is thought to have gone to completion: there are no mitochon- 
dria, but there are other organelles called hydrogenosomes that appear to be 
derived from mitochondria but do not contain any DNA at all (Embley et 
al. 2003). In all species, the vast majority of proteins in mitochondria are en- 
coded in the nucleus. 

Among animals, mitochondrial genomes are relatively uniform, typically 
encoding 12-13 proteins, all involved in electron transport and oxidative 
phosphorylation, as well as rRNAs and tRNAs necessary for their synthesis. 
Most animal mitochondrial genomes are compact: human mtDNA, for ex- 
ample, is only 17kb in size, of which only 7% is noncoding. Somewhat 
larger mtDNAs (20-42kb) have been found in some insects, molluscs, and 
nematodes, but they do not encode more proteins. 

Choanoflagellates are the sister group to animals, and the mitochondrion 
of at least 1 species is somewhat less degenerate, encoding 26 proteins. It is 
also less compact, at 77kb, of which 53% is noncoding. The main difference 
in gene content involves ribosomal proteins: the choanoflagellate mtDNA 
has 11 and animal mtDNA has none. This suggests that some streamlining 
of mtDNA occurred concomitantly with the evolution of multicellularity 
and tissue differentiation (Burger et al. 2003). 

Fungi are like animals in that their mitochondria have also lost all, or 
nearly all, their ribosomal protein genes. However, while some are compact 
(e.g., 19kb, 11% noncoding in the fission yeast Schizosaccharomyces pombe), 
others are not (e.g., 86kb, 59% noncoding in the budding yeast Saccharomy- 
ces cerevisiae). Among plants, the mitochondria encode 40 proteins in some 
species, down to 24 in others (Adams et al. 2002). Again, most of the varia- 
tion is in the ribosomal proteins, with some mitochondria encoding 14 and 
others none. At least 2 of these ribosomal protein genes have transferred 
repeatedly between distantly related plant species over evolutionary time, 
by unknown means (Bergthorsson et al. 2003). What evidence exists sug- 
gests that most of the losses are transfers to the nucleus. In general, plant 
mtDNAs are large and vary greatly in size, ranging from 200-2500kb, with 
the vast majority of this variation thought to be in intergenic regions 
(Palmer 1990). 

All recent movements of functioning genes from the mitochondrion to 
the nucleus have taken place in plants or protists and, where the mechanism 
is known, have usually used reverse transcription from the mitochondrial 
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mRNA (e.g., Covello and Gray 1992, Grohmann et al. 1992, Wischmann 
and Schuster 1995). The intermediary step in all transfers is, presumably, ac- 
tive copies in both nucleus and mitochondria. Active mitochondrial and 
nuclear copies of cox2 have actually been observed in some legumes (Adams 
et al. 1999). In this situation, why might the nuclear gene often persist and 
the mitochondrial one not? We can imagine many possibilities. For exam- 
ple, if the gene was lost by deletion, selection for the deletion might be 
stronger in the mitochondria than in the nucleus, either because of selec- 
tion within the individual for shorter mitochondrial genomes or because of 
selection among organisms to reduce DNA requirements by having 2 nu- 
clear copies rather than thousands of mitochondrial copies per cell. Or the 
nuclear gene might be better for the organism because of a lower mutation 
rate or more precise transcriptional or translational control, or because it 
was not clonally inherited or would be selected to work well in both sexes. It 
would be interesting to know whether mitochondrial genes are typically si- 
lenced by nuclear genes before they disappear, or whether they disappear 
"of their own volition." 



Mitochondrial Selection within the Individual 

"Petite" Mutations in Yeast 

Selfish mitochondrial mutations have long been known in baker's yeast, 
Saccharomyces cerevisiae (Ephrussi et al. 1955, Dujon 1981, Clark-Walker 
1992, Chen and Clark-Walker 2000). In this species, mtDNA is biparentally 
inherited: the 2 gamete types (a and a) are of equal size, and they contrib- 
ute mitochondrial DNA equally to the resulting zygote. Haploid cells con- 
tain about 25-50 copies of the 80kb mitochondrial genome, organized into 
10-20 DNA-protein clusters called nucleoids (MacAlpine et al. 2000). If 
the mitochondrial genome is defective, the strain is unable to respire, but 
it can still grow and replicate by fermentation. Nevertheless, the cells repli- 
cate more slowly than normal, and so the resultant colonies are "petite" 
(designated p). Such strains arise spontaneously at a surprisingly high fre- 
quency—about 1% per cell division. At the molecular level, many types of 
mitochondrial mutations can disrupt respiration and give a petite pheno- 
type, but we especially expect to observe mutants that have a within-cell 
replication advantage, because most of the genomes in a cell must be mu- 
tant before respiration is knocked out. A within-cell replication advantage is 

145 



GENES IN CONFLICT 



most easily observed by crossing petite and normal strains, propagating the 
progeny until they have only one kind of mtDNA and then scoring them. 
Many mutants have a within-cell advantage: with so-called hypersup- 
pressive petites, more than 95% of the progeny end up petite (Fig. 5.1). 
Hypersuppressive petites typically are deleted for more than half of their 
mitochondrial genome, with the remaining fragments tandemly repeated to 
make up approximately the same size genome, but enriched for so-called ori 
sequences. These are thought to be CM-acting sequences that promote DNA 
replication (possibly by acting as origins of replication, or something analo- 
gous), and this is thought to give the hypersuppressive petite genomes their 
replication advantage (MacAlpine et al. 2001). Many of the deletions are 
thought to occur by recombination between specific 20-50bp GC-rich se- 
quences, of which there are about 200 copies dispersed around the mito- 
chondrial genome (Clark-Walker 1992). 

Despite their transmission advantage, petite mutations are not able to 
spread in natural yeast populations because inbreeding is frequent (Johnson 
et al. 2004) and the mutations impose a large cost on the organism. Never- 
theless, such observations raise the question of what determines the evolu- 
tionarily stable number of ori sequences in normal mitochondrial genomes. 
In S. cerevisiae, there are 7 or 8 such sequences, all similar in organization 
and primary sequence (Faugeron-Fonty et al. 1984). Curiously, only 4 of 
them are active, the others being inactivated by short insertions. As S. cerevi- 
siae is largely inbred, the mitochondria inherited from the 2 parents will 
usually be identical, and selection for supernumerary ori sequences may 
have been relaxed. Other yeasts are different: S. castellii, for example, does 
not have recognizable ori sequences; and while it spontaneously generates 
petite mutations at about the same rate as S. cerevisiae, they are much less 
likely to be hypersuppressive (Petersen et al. 2002). In the more distantly re- 
lated Candida glabrata, an asexual species, there are no GC-rich sequences 
dispersed around the mitochondrial genome, and petites are formed much 
less commonly, at a frequency of about 10" 6 per cell division (Clark-Walker 
1992, Chen and Clark-Walker 2000). 

Within-Individual Selection and the Evolution of Uniparental Inheritance 

Selfish mitochondrial genomes like the petite mutations of yeast have a rep- 
lication advantage over normal mitochondrial genomes in within-organism 
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Figure 5.1 Frequency distribution of transmission rates for spontaneous petite muta- 
tions in 2 species of yeasts. Mutant mitochondria showing drive (transmission greater 
than 50%) are more common in Saccharomyces cerevisiae than in S. castellii, but the rea- 
son for this is not known. Data from Petersen et al. (2002). 



selection, but they lose out in conventional among-organism selection. 
Therefore, if a population is polymorphic for 2 mitochondrial types, one 
more selfish than the other, a nuclear gene that somehow reduces the ef- 
ficacy of the within-individual selection will tend to become associated with 
the less selfish type, and so can increase in frequency due to among-organ- 
ism selection. That is, there will be selection for nuclear genes that modify 
mitochondrial behavior so as to reduce the efficacy of within-organism se- 
lection (just as there is selection on nuclear genes to suppress drive at un- 
linked loci). Even in yeast, the opportunity for within-individual selection is 
limited by the rapid segregation of parental types, which is much faster than 
if the genomes were well mixed and independent. Mechanistically, this is 
due to the clustering of mitochondrial genomes into nucleoids, and due to 
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slow mixing in the zygote (Jensen et al. 2000). The evolution of these char- 
acters may have occurred partly to prevent selection for selfish mitochon- 
drial mutants (Hurst and Hamilton 1992). 

An even better way to limit within-organism mitochondrial selection is 
to ensure that only one parent transmits mitochondria to the next genera- 
tion—that is, to impose uniparental inheritance (Grun 1976, Hoekstra 1990, 
Hastings 1992, Randerson and Hurst 1999). This is the normal pattern in 
eukaryotes, though the underlying mechanisms responsible are quite di- 
verse (reviewed in Birky 1976, 1995). In animals, the egg is usually much 
larger than the sperm and contains many more mitochondria. For example, 
in Xenopus frogs, the ratio is about a million to 1 (10 s versus 10 2 ). Crayfish 
sperm are reported not to have any mitochondria at all. Thus, purely as a 
matter of dilution, one would expect an overwhelming bias toward mater- 
nal inheritance. But in many species, even this is not left purely to chance. 
In mammalian spermatogenesis, proteins in the mitochondrial membrane 
are tagged with ubiquitin, a small protein that acts as a marker for protein 
degradation and recycling (Sutovsky et al. 2000). All components of this 
system are nuclear-encoded: the ubiquitin tag, the membrane proteins that 
are tagged, and the proteins applying the tag. The ubiquitin is apparently 
masked as the sperm travels through the male reproductive tract, but then 
is unmasked and amplified after fertilization. This is thought to lead to the 
destruction of paternal mitochondria at or before the 8-cell stage of pre- 
implantation development. The notion that males specifically tag their mi- 
tochondria for destruction is further supported by the observation that 
mitochondria from spermatids are destroyed if artificially injected into em- 
bryos, but not mitochondria from liver cells (which would have no need for 
a tag; Shitara et al. 2000). 

The existence of such a mechanism is particularly noteworthy given that 
paternal mitochondria are in any case outnumbered by maternal mitochon- 
dria by a factor of 10 3 to 10 5 (Ankel-Simons and Cummins 1996). One pos- 
sible contributing factor is that the mitochondrial mutation rate may be 
higher in the male germline than in the female germline, and so male mito- 
chondria may, on average, be of lower quality. But even if paternal mito- 
chondria were mostly defective, their low frequency in the fertilized zygote 
should mean that the selection pressure for destroying them is relatively 
weak, were it not for the possibility of within-individual selection. Examples 
of such selection in mammals are reviewed later; here we simply note that 



148 



Selfish Mitochondrial DNA 



the one known instance of paternal inheritance in humans was of a defec- 
tive mitochondrion. A 28-year-old man with severe lifelong "exercise intol- 
erance" was found to have maternally derived mitochondria in most of his 
body, but paternal mtDNA in his muscles; and the paternal mtDNA had 
a novel 2bp frameshift deletion in one of the genes that obliterated down- 
stream function (Schwartz and Vissing 2002). (There was also recombina- 
tion between maternal and paternal mtDNA in his muscles; Kraytsberg 
et al. 2004.) 

Other animals also have mechanisms for the destruction of paternally de- 
rived mitochondria (reviewed in Birky 1976, 1995, Eberhard 1980). In some 
sea urchins, the paternal mitochondria appear to be destroyed in the egg. In 
honeybees, many sperm enter a single egg and about a quarter of all mito- 
chondrial DNA in newly laid eggs is paternally derived; but the paternal 
mtDNA is degraded or replicates more slowly than the maternal mtDNA 
and, by the time the organism hatches out as a larva, the paternal mtDNA 
is undetectable. In the tunicate Ascidea, paternal mitochondria do not even 
make it into the egg, being shed before the sperm passes through the cho- 
rion membrane. Analogous mechanisms are also seen outside the animals. 
In the single-celled alga Chlamydomonas rheinhardtii, the fusing gametes are 
of equal size, but only mitochondria from the "— " mating type gamete are 
inherited; those from the " + " parent are destroyed after gamete fusion. In 
another alga, Derbesia tenuissima, male gametes are smaller than female ones, 
and while the male gamete has a large and apparently functional mitochon- 
drion, the DNA inside it is destroyed during gametogenesis, prior to fertil- 
ization (Lee et al. 2002). The slime mold Physarum polycephalum has a partic- 
ularly baroque system in which mitochondrial transmission is determined 
by a linear hierarchy of alleles at the nuclear matA locus, with the "losing" 
mtDNA being actively degraded soon after gamete fusion (Kawano and 
Kuroiwa 1989, Meland et al. 1991). And, in many plant species mtDNA is 
either stripped from mitochondria or severely degraded during pollen matu- 
ration, prior to fertilization (reviewed in Mogensen 1996). For example, in 9 
of 16 species from a range of families, mtDNA disappeared from the genera- 
tive cells during anther development (Miyamura et al. 1987). Finally, in red- 
wood trees and banana trees, mitochondria are paternally inherited (Neale 
et al. 1989, Faure et al. 1994), which presumably goes against the numerical 
trend, suggesting that there is some active mechanism for destroying mater- 
nal mitochondria. 
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In short, uniparental inheritance in many species is not merely a function 
of numerical dilution. Mechanisms have evolved for the active elimination 
of the mtDNA from one parent. The only explanation plausible to us is that 
these mechanisms have evolved to suppress selfish mtDNA— that is, uni- 
parental mitochondrial inheritance is a system evolved by the nucleus to 
ensure mitochondrial quality. Especially striking are mechanisms of uni- 
parental inheritance in which one parent or gamete type somehow cripples 
its own mitochondria to keep them from being transmitted. The possibility 
that nuclear genes might evolve to suppress selfish mtDNA by sabotag- 
ing their own mitochondria (as opposed to those being transmitted by the 
other gamete) has been dismissed on theoretical grounds (Hastings 1992, 
Randerson and Hurst 1999), but the facts suggest this dismissal may be pre- 
mature. The theoretical difficulty is that the population must be polymor- 
phic for mitochondria varying in degree of selfishness in order to select for 
nuclear modifiers of mitochondrial inheritance, and in simple models the 
spread of selfish mitochondria does not easily evolve to a stable polymor- 
phism—either they are lost or go to fixation. But there are two counterar- 
guments. First, uniparental inheritance can protect against selfish organ- 
elles that are too harmful to go to fixation, but nevertheless arise repeatedly. 
The petite mutations of yeast are like this— recall they arise at a 1% fre- 
quency. In this case a stable intermediate frequency of the selfish mutant 
type is reached, analogous to conventional mutation-selection balance, and 
uniparental inheritance can be effective in reducing the probability of in- 
heriting a mutant organelle (and reducing the equilibrium frequency of the 
mutant type). Second, if the organelle is only mildly selfish, such that 
heteroplasmy is often maintained from one meiotic generation to the next, 
with only a shift in frequencies, and if fitness declines more than linearly 
with the frequency of the selfish type, a polymorphism can be maintained 
and uniparental inheritance selected for. Formal modeling of both possibili- 
ties is clearly desirable. 

What role do the mitochondria play in all this? They are hardly expected 
to be indifferent to their own destruction in the germline and will be se- 
lected to avoid this, if possible. But there does not appear to be any good ex- 
ample of such avoidance behavior. At first glance, the fact that paternal 
leakage is more common in some interspecific mouse matings than in intra- 
specific ones (Kaneda et al. 1995) seems suggestive of a coevolutionary arms 
race between nuclei and mitochondria. But this paternal leakage appears to 
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come about because the ubiquitin tagging and destruction system is dis- 
rupted in some hybrid matings (Sutovsky et al. 2000) and, as we have seen, 
this is a wholly nuclear-encoded system. Perhaps mutations allowing mito- 
chondria to escape destruction just do not arise. Similarly, we are not aware 
of mtDNA from one parent being involved in the destruction of mtDNA 
from the other. In a sea urchin (Paracentrotus lividus), just minutes after the 
first cell division of a newly fertilized egg, large paternal mitochondria are 
seen surrounded by small maternal ones; their membranes touch and the 
paternal ones begin to disintegrate (Anderson 1968). But even if the mater- 
nal mitochondria are involved in the destruction of the paternal mitochon- 
dria, most of their proteins are encoded in the nucleus, and so this gives no 
compelling evidence of mtDNA involvement. Nevertheless, evidence for 
these sorts of direct action may yet be found— an obvious place to look 
would be in species that have recently changed from maternal to paternal 
inheritance. Presumably ancient mitochondria had more influence on their 
own transmission, before they became so degenerate. 

The idea that uniparental inheritance evolved to prevent the spread of 
selfish mitochondria has been extended to binary mating systems (e.g., 
male/female; +/— ; a/a). Perhaps these also exist in order to allow uniparen- 
tal transmission (i.e., for 1 mating type to be a transmitter and the other not; 
Hurst and Hamilton 1992, Hurst 1995). Support for this idea comes from 
ciliates and mushrooms, 2 groups in which it is common for mating cells 
not to fuse, but instead to trade nuclei. There is thus no opportunity for mi- 
tochondria from the 2 parents to mix and compete. Consistent with the hy- 
pothesis, it is common in both groups not to have a binary mating system, 
but instead a multipolar system with many mating types (e.g., 30 or more). 

But this explanation for binary mating types cannot be universal (Hurst 
1995). Both cellular and acellular slime molds also have multipolar mating 
systems, and each has full gamete fusion. And ascomycete fungi typically 
have a binary mating system, but this has nothing to do with mitochondrial 
transmission. For example, in Saccharomyces yeasts, there are 2 mating types, 
but mitochondrial inheritance is biparental. In Neurospora crassa, there are 2 
mating types, each of which can act both as a male parent and as a female 
parent, but mitochondria are inherited from the maternal parent, regardless 
of mating type. Instead of organizing mitochondrial inheritance, the binary 
mating system of ascomycete fungi is used to organize pheromone produc- 
tion and reception: the a mating type produces the a pheromone and has a 
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receptor for the a pheromone, and the a mating type produces the a 
pheromone and has a receptor for the a pheromone. Such a division of la- 
bor is presumably needed to prevent one's receptors from being clogged up 
with one's own pheromone. It may be relevant in this context that many cil- 
iates and mushrooms do not use dispersible pheromones to attract a mate. 
In the case of ciliates, the pheromones of some species remain attached 
to the cell membrane (Gortz et al. 1999). In mushrooms, pheromones are 
only activated after mating and are used to distinguish self from non-self 
(Casselton 2002). Perhaps the abandoning of dispersible pheromones is also 
important in the evolution of multipolar mating systems. 

It has also been suggested that selection to kill off one's own organelles 
could account for the small size of sperm and, more generally, the evolution 
of anisogamy (reviewed in Randerson and Hurst 2001). As a mechanism for 
ensuring uniparental inheritance, this would be terribly crude. While it 
might give some slight advantage to those making smaller-than-normal ga- 
metes, surely this is trivial compared to the more general advantage of re- 
ducing the cost of a gamete, and thus being able to make more of them 
(Randerson and Hurst 2001, Bulmer and Parker 2002). 

Within-Individual Selection under Uniparental Inheritance 

Even if uniparental inheritance is absolute and there is no paternal leakage, 
this does not wholly eliminate the possibility of selfish mtDNA increasing 
in frequency due to within-individual selection. Due to the "relaxed" nature 
of mitochondrial replication, variant mtDNA that arise by mutation during 
the lifetime of an organism may spread due to within-individual selection. 
At least in the simplest case— in which there is a mitochondrial bottleneck in 
the germline and females produce mostly homoplasmic eggs— the effect of 
within-individual selection is to change the "effective" mutation rate: mu- 
tants with a within-individual selective advantage will behave as if they have 
an elevated mutation rate, while mutants with a within-individual disadvan- 
tage will behave as if they have a depressed mutation rate. For recurrent mu- 
tations that are harmful to the organism, the classic equations of mutation- 
selection balance will apply (e.g., Crow and Kimura 1970), and the equilib- 
rium frequency of the mutant is q — u/s where u, is the effective mutation 
rate (taking into account within-individual selection) and s is the (among- 
individual) selection coefficient against the mutant. This formula applies if 
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u,<s. When the within-individual selection is strong, or among-individual 
selection is weak, it may be that u e >s and the mutant will go to fixation in 
the population. 

In principle, then, within-individual selection of harmful mitochondrial 
variants could increase the mutational load on the population, and nuclear 
genes will be selected to reduce this when possible. There are two ways they 
may do so. First, they could reduce the actual mutation rate. And there is 
some evidence this has happened: in mammals, DNA polymerase y, en- 
coded in the nucleus, is the enzyme responsible for replicating the mito- 
chondrial genome, and it is among the least error prone of all DNA poly- 
merases (ca. 2 errors per million base pairs; Gillham 1994). In vitro, it is 2 to 
4 times less likely to make a base substitution than pol-a, the enzyme re- 
sponsible for replicating nuclear DNA, and more than 10-fold less likely to 
make a frameshift mutation (Kunkel 1985). Perhaps because of this high ac- 
curacy, pol-y is also among the slowest DNA polymerases, incorporating 
270 nucleotides per minute per strand, 200 times slower than the polymer- 
ase of E. coli (Clayton 1982). Despite the greater accuracy in vitro, rates of si- 
lent substitution over evolutionary time are higher in mtDNA than nuclear, 
perhaps because of the unavoidable proximity to oxygen radicals produced 
in the mitochondria, or perhaps because some repair mechanisms are absent 
(Gillham 1994). In plants, the silent substitution rate in mitochondria is ac- 
tually an order of magnitude lower than in the nucleus, which suggests a 
very accurate polymerase (or low damage from oxygen radicals). 

Second, nuclear genes will be selected to create a cellular environment 
such that within-individual selection on mitochondria is aligned as closely 
as possible with among-organism selection. In modern day eukaryotes, nu- 
clear genes are largely responsible for regulating mitochondrial replication 
and destruction, and the manner in which they do so will determine the 
mitochondria's selective environment. The results can be counterintuitive 
(Chinnery and Samuels 1999, Birky 2001). For example, consider the appar- 
ently sensible possibility that nuclear genes regulate mitochondrial copy 
number according to the local needs for oxidative phosphorylation: the 
more ATP required, the more mitochondria are produced. Though perhaps 
satisfactory in the short term, the consequence of this strategy is the selec- 
tion of ever less efficient mitochondria. To understand this, note that under 
this scenario an abundance of ATP will inhibit mitochondrial replication. 
Suppose there are two types of mitochondria in the cell, one more efficient 
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than the other. Then an extra copy of an efficient mitochondrion will in- 
hibit further mitochondrial replication more than an extra copy of the inef- 
ficient mitochondrion. Consequently, the cell will gradually come to be 
populated by the inefficient mitochondria— not necessarily what the organ- 
ism wants, either for itself or to pass on to its offspring! 

There is compelling evidence for within-organism selection in mice that 
have been artificially made to carry 2 types of mitochondria. In one set of 
experiments, mice were made heteroplasmic for mitochondria from 2 lab 
strains, NZB and BALB (Jenuth et al. 1997, Battersby and Shoubridge 2001). 
In hundreds of mice, in a variety of different nuclear backgrounds, the NZB 
mitochondria increase in frequency in the liver as the mouse ages, with a se- 
lection coefficient of about 14% per mitochondrial generation (Fig. 5.2). 
NZB mitochondria also increase in frequency in the kidneys. Surprisingly, 
selection is reversed in blood and spleen, where the BALB mitochondria 
come to predominate. Finally, in other tissues, there is no apparent selec- 
tion. The molecular basis of the selection is unknown: there are only 15 
amino acid differences in all the proteins coded by the 2 mitochondria, and 
there is no detectable difference in respiratory efficiency. Battersby and 
Shoubridge (2001) suggest that the differences are in death rates of the 2 
types, but this needs confirmation. 

People with mitochondrial diseases are typically heteroplasmic for defec- 
tive mitochondria (homoplasmy would be lethal), and these too can show 
tissue-specific patterns of selection (Chinnery and Turnbull 2000, Chinnery 
et al. 2002). In particular, the defective mutants are typically lost from rap- 
idly dividing tissues such as bone marrow, but may accumulate in nondivid- 
ing cells such as skeletal muscles and the central nervous system (recall that, 
unlike nuclear DNA, mtDNA is continually degraded and replaced even in 
these nondividing cells). Consequently, mitochondrial diseases tend to be 
progressive and to most affect metabolically active, nondividing tissues. The 
differences observed between proliferative and nonproliferative tissues may 
simply be due to differences in the relative importance of within-cell selec- 
tion favoring the defective mitochondria (e.g., because the cell regulates mi- 
tochondrial copy number based on ATP requirements) and among-cell se- 
lection favoring wildtype mitochondria (Taylor et al. 2002). 

Studies of cultured human cells suggest that, at least under some circum- 
stances, there can also be within-cell selection for shorter mitochondrial 
genomes. First, if mitochondrial copy numbers are artificially repressed 90% 
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Figure 5.2 Changes in the frequency of a mitochondrial genotype with age. Mice were 
made heteroplasmic for mtDNA from 2 lab strains, NZB and BALB, and then the fre- 
quency of the 2 types monitored by single-cell PCR of liver cells. Data are from 2 repre- 
sentative mice at each age. The increase in the frequency of NZB mtDNA with age indi- 
cates a selective advantage within the organism. Adapted from Battersby and 
Shoubridge (2001). 



by ethidium bromide treatment and then allowed to recover, mitochondrial 
genomes with a 7.5kb deletion (= 45% of the total length) recover in num- 
ber more rapidly than do wildtype genomes in the same cells (Diaz et al. 
2002). This difference may occur simply because in this environment mito- 
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chondria are being replicated by the cell as fast as possible, and shorter 
genomes are more rapidly replicated. Second, the equilibrium or steady- 
state amount of mitochondrial DNA per cell was found to be identical in 
cultures homoplasmic for wildtype genomes, those with a 7.8kb deletion 
(= 47%), and those with an 8.8kb duplication (= 53%; Tang et al. 2000). 
These results suggest that nuclear genes sometimes regulate mitochondrial 
copy number based on the total amount of mtDNA (by, for example, limit- 
ing the pool of nucleotides available for mitochondrial replication). This 
will select for shorter, more compact genomes. 

Of all tissues, selection in the female germline will be particularly impor- 
tant for mitochondrial evolution. In mammals, the studies published to 
date do not find as dramatic within-individual selection in these cells as is 
found in some somatic tissues (Tenuth et al. 1996, Chinnery et al. 2000, 
Inoue et al. 2000). It would be interesting to compare rates of mitochondrial 
turnover in oocytes with those in, say, skeletal muscles. One possible sign of 
substantial selection in the female germline is the curious pattern that in hu- 
mans, mitochondrial diseases due to a point mutation may be passed on 
from one generation to the next (heteroplasmically), but diseases due to a 
deletion are not (Chinnery and Turnbull 2000). In both cases, the ATP-pro- 
ducing function of the mitochondria can be completely knocked out. The 
mechanistic basis of this difference is not known, but one possibility is 
some sort of differential selection in the female germline. 

Another possible indication of selection in the female germline is the ex- 
treme compactness of the mitochondrial genome in mammals, and animals 
more generally. This is consistent with the possibility that at some point in 
the female germline, mitochondrial copy numbers are regulated by the total 
mass of mtDNA (Birky 2001). Plant mitochondria are anything but com- 
pact, and the same logic would predict that copy numbers in plants are reg- 
ulated by some other means. 

Finally, selection in the female germline has been experimentally demon- 
strated for naturally occurring mitochondrial variants of Drosophila simulans 
that differ in sequence by 2-3% (de Stordeur 1997). In these studies, females 
were made heteroplasmic by microinjection, but in some populations of D. 
simulans heteroplasmic females occur naturally at an appreciable frequency 
(1-12%; James and Ballard 2003). This suggests at least occasional paternal 
leakage of mtDNA, which increases the importance of germline selection in 
mitochondrial evolution. In other species (e.g., rabbits, Oryctolagus cunicu- 
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lus), most or all females are heteroplasmic for length variation, but the rela- 
tive importance of high mutation rates and different forms of selection in 
maintaining this polymorphism has yet to be clearly distinguished (Casane 
etal. 1994). 

DUI: Mother-to-Daughter and Father-to-Son 
mtDNA Inheritance in Mussels 

We conclude our review of within-individual mitochondrial selection with a 
description of the peculiar situation in mussels and their relatives, in which 
mitochondria are typically passed father-to-son and mother-to-daughter. 
This so-called doubly uniparental inheritance (DUI) was first discovered in 
species of the marine mussel Mytilus (Zouros et al. 1992, 1994a, 1994b, 
Skibinski et al. 1994). DUI was soon shown in the closely related Gukensia 
demissa (Hoeh et al. 1996), as well as freshwater mussels of the family Un- 
ionidae, separated by more than 400 million years (Hoeh et al. 1996, Liu et 
al. 1996). Doubly uniparental inheritance has also recently been discovered 
in a clam (Passamonti and Scali 2001, Passamonti et al. 2003) so the trait 
may be ancestral in the evolution of the bivalves. (By contrast, in Cepea 
nemoralis, a related land snail with a high degree of mtDNA variation, there 
is no evidence of deviation from pure maternal inheritance; Davison 2000.) 

Females display the mtDNA from their mothers only, while males are 
heteroplasmic. In somatic tissue males show both forms, but in the testes 
the paternal mtDNA predominates and most males pass on exclusively (or 
almost exclusively) the paternal set. Thus, 2 forms of conspecific mtDNA, F 
(female) and M (male) mitotypes, evolve side by side in almost complete 
isolation and they may show extensive sequence divergence— for example, 
10-20% in Mytilus, depending on locality and species (Rawson and Hilbish 
1995, Stewart etal. 1995). 

The 2 sexes are believed to start life with the same relative numbers of ma- 
ternal and paternal mitochondria— in other words, 5 very large paternal mi- 
tochondria and tens of thousands of maternal ones (Cao et al. 2004). Subse- 
quent adult distributions are known only for M. edulis (Garrido-Ramos et al. 
1998; see also Dalziel and Stewart 2002). Most females (~70°/o) contain no 
M mitotypes and, where these are found, they are found in small amounts 
in some tissues, varying between individuals. A few females (—5%) appear 
to show small traces of M in the gonads, but it is almost impossible to study 
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germ cells uncontaminated by nurse cells and there exists no clear evidence 
of M mtDNA in unfertilized eggs. By contrast, in males M mitotypes pre- 
dominate in testes, while Fs do so in all other tissues (Stewart et al. 1995, 
Garrido-Ramos et al. 1998). The most sensitive tests show M mitotypes in 
all tissues of all individuals and suggest a regular pattern of M mitotype 
abundance as follows: testes >> adductor muscle, digestive gland>foot, 
gill, and mantle. By maturity, M mitotypes so predominate in testes that Fs 
are virtually undetectable. On the other hand, in nature and the lab there 
are rare males whose maternal and paternal mitotypes both resemble the 
typical F form (reviewed in Cao et al. 2004). 

How are these patterns achieved? And how do the 5 paternal mitochon- 
dria in males manage to overwhelm tens of thousands of maternal ones, at 
least in testicular tissue? Recent evidence suggests how this may happen 
(Cao et al. 2004). In females, the 5 paternal mitochondria are randomly dis- 
persed in the cytoplasm and appear to go randomly to descendent cells (in 
early cells, without replication). By contrast, in males paternal mitochondria 
aggregate themselves immediately in the fertilized egg and (without replica- 
tion) they pass together into the first cleavage cell leading to the germplasm. 
In the first 5 cell divisions, these mitochondria remain aggregated and pass 
preferentially to 1 daughter cell at each cleavage (Plate 3). Presumably, this is 
always the germinal cell. Because both germinal and adductor muscle cells 
are mesodermal, these findings also provide an explanation for elevated fre- 
quency of paternal mitochondria in adductor cells. 

Male mitotypes evolve more rapidly than do female. That is, nonsynony- 
mous substitutions are significantly higher in M mitotypes than in Fs, and 
the ratio of nonsynonymous to synonymous substitutions is more than 
twice as high in Ms (Stewart et al. 1996). This suggests that faster M evolu- 
tion results neither from more frequent replication during male gameto- 
genesis nor from greater damage to sperm mitochondria by free radicals, be- 
cause these effects should act on synonymous and nonsynonymous sites 
equally (Stewart et al. 1996). A more plausible explanation is that F mito- 
types are fully exposed to selection every generation in females, while M 
mitotypes are shielded from the direct action of selection by the over- 
whelming presence of F throughout the male body (Saavedra et al. 1997). 
That less functionally constrained organelles will show more rapid evolu- 
tion is suggested by the rapid evolution of chloroplast DNA in nonphoto- 
synthetic plant species (Wolfe et al. 1992). Male mitotypes may also be sub- 
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ject to greater directional selection through sperm competition, which is 
known in bivalves to impose strong, directional selection on nuclear DNA, 
primarily on sperm proteins but also on egg receptors (Yang and Bielawski 
2000, Galindo et al. 2003). 

F mitotypes sometimes colonize the male lineage and displace the exist- 
ing Ms— a striking fact that can be seen in Mytilus, in which some Ms are 
more related to Fs than to other conspecific Ms (Hoeh et al. 1997). In one 
population of M. galloprovincialis from the Baltic Sea, the majority of males 
lack an M type, suggesting a very recent invasion of M types (Ladoukakis et 
al. 2002). (In this species, the F genome is more variable within populations 
and the M between populations.) Takeover of Ms by Fs may also occur be- 
tween species. In European M. trossolus, most of the M types come from Fs 
of M. edulis. Apparently, recently introgressed F molecules first displaced 
the M. trossolus F and then were able to colonize males and displace the 
local M (Quesada et al. 1999, Quesada et al. 2003). Many males are hetero- 
plasmic for 2 paternal mtDNA types and 1 maternal form, so that co- 
transmission by males of 2 forms must be a common occurrence. mtDNA 
variants often differ by length, with the short-length variants preferably 
transmitted by males (Zbawicka et al. 2003). 

A very similar system is found in a freshwater mussel Anodonta grandis 
(Liu et al. 1996). Mitochondrial inheritance is doubly uniparental and in 
different locales female mitotypes hardly differ (~0.4°/o sequence diver- 
gence) while male mitotypes differ by 11.5%. But unlike the Mytelidae, the 
Unionidae show no evidence that F mitotypes ever replaced M mitotypes 
and the split between the 2 seems to be very ancient, at least 200mya 
(Curole and Kocher 2002, Hoeh et al. 2002). 

Why has DUI evolved— and why in the bivalves? One possibility is pro- 
vided by considering sex-antagonistic effects of mtDNA, effects that are 
negative in one sex and positive in the other. If such effects are large in bi- 
valves, especially in the gonads, DUI permits mtDNA to specialize in 2 
types, each adapted to 1 of the sexes. Sexual dimorphism in clams and mus- 
sels is known only from gonadal tissue. Suppose in an early bivalve there 
was some small amount of mitochondrial transmission from fathers to off- 
spring ("paternal leakage") and a mutation arose that was strongly beneficial 
in testes or sperm, but weakly deleterious in other male tissues and in fe- 
males. The mutation could increase in frequency to some intermediate 
level. At that point the population would be polymorphic for 2 types of mi- 
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tochondria, and nuclear genes would be selected to arrange the internal cel- 
lular environments so the new mitochondria would be selected for in testes 
and the original mitochondria would be selected for in all other tissues. 
Note that morphology today is suggestive of extreme sexual dimorphism: 5 
large paternal mitochondria versus thousands of small, maternal ones (Cao 
et al. 2004). From the mussel's standpoint, deriving its paternal mitochon- 
dria from previous paternal ones may give a better version than having to 
differentiate them anew each generation from maternal mitochondria. If 
this argument has any merit, perhaps other species with highly dimorphic 
(egg/sperm) mitochondria also show DUI. 

Thus we imagine that an ancestral bivalve evolved DUI in response to 
strong selection on male mtDNA for novel functions connected to intense 
sperm competition. Because there is no sexual dimorphism outside the go- 
nads, selection on the newly emergent M mitotype may favor little or no 
representation within somatic tissue. 

The mtDNA of Mytilus has a number of unique features. It is unique 
among animals (along with nematodes) in lacking ATPase-8, in having an 
extra tRNA for methionine (one using an anticodon, TAT) and in having a 
unique gene order that shows no homology with other coelomate metazo- 
ans (Hoffmann et al. 1992). Could these facts be related to DUI? One possi- 
bility is that DUI leads to more recombination, which increases the rate 
of evolution. Recombination in males has been confirmed in both M. gal- 
loprovincialis and M. trossulus, and evidence suggests a high rate in both 
(Ladoukakis and Zouros 2001, Burzynski et al. 2003). But for this to affect 
rate of F evolution, there must be at least occasional paternal leakage in fe- 
males. Another possibility is that heteroplasmy in males also encourages 
conflict between the maternal and paternal lineages, which has the potential 
to greatly accelerate rates of genomic change. 

How is sex determined? In principle, mtDNA itself could determine sex— 
for example, when male mitotypes predominate in the gonads, these be- 
come testes (Zouros 2000). But if this is how sex determination is achieved, 
how is the 50:50 sex ratio that the autosomes would prefer enforced? Mito- 
type frequencies, and thus sex, should evolve to be under autosomal con- 
trol, even if they begin under mitochondrial. In any case, recent genetic evi- 
dence demonstrates that the sex ratio is under maternal, nuclear control in 
blue mussels (Saavedra et al. 1997, Kenchington et al. 2002). In 2 species of 
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Mytilus, sex ratios are highly variable from one pair to another, and the vari- 
ation is associated with the mother and not the father. This variation is heri- 
table in a manner that excludes mtDNA as the controlling element. Instead, 
the nuclear genome of the mother determines sex of progeny, perhaps 
through alleles at a single locus. A noteworthy feature of sex ratio variation 
is that all-female families are common but all-male families are uncommon 
and majority-male families are found instead. It will be most interesting to 
learn exactly how sex determination operates in these species, both geneti- 
cally and developmentally. 

Cytoplasmic Male Sterility 

Uniparental Inheritance Implies Unisexual Selection 

Though uniparental inheritance has the advantage (from the nuclear point 
of view) of suppressing within-individual mitochondrial selection, it intro- 
duces a new danger. If mitochondria are transmitted only by one sex, all 
that will matter for their evolution is how well they perform in that sex, with 
performance in the other sex being irrelevant. For example, in a species 
with maternal transmission, if there are recurrent deleterious mutations that 
cause only mild harm to the female, the mutant class can reach relatively 
high frequencies, even if the harm to the male is substantial (Frank and 
Hurst 1996). Something like this may be happening in humans (Ruiz-Pesini 
et al. 2000). In a survey of mitochondrial genotypes of couples at infertility 
clinics, one relatively common mitochondrial haplotype ("T") was found to 
be associated with moderately reduced sperm motility (asthenozoospermia; 
Fig. 5.3), apparently because this haplotype is slightly less efficient at oxida- 
tive phosphorylation and ATP production. If, as seems plausible, sperm mo- 
tility is among the most sensitive physiological parameters to ATP produc- 
tion, this slightly reduced efficiency may have much less negative effect on 
female fitness (or could even be beneficial), and as a result the haplotype 
may have reached higher frequencies than it otherwise would have. Among 
Caucasian populations, the frequency of haplotype T ranges from 4% in the 
Druze, to 12% in Germans, to 22% in Swedes. These are the kinds of effects 
that would select for nuclear genes to become ever more involved in mito- 
chondrial functions. 
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Figure 5.3 Swimming ability of human spermatozoa carrying different mitochondrial 
genotypes. The assay measures the distance swum from the semen into a capillary tube 
in 30min. n is sample size; * indicates groups that are significantly different. Differences 
in swimming speed could affect male fertility but would not normally be subject to se- 
lection because mitochondria are not transmitted by males. Adapted from Ruiz-Pesini 
et al. (2000). 



Disproportionate Role of mtDNA in Plant Male Sterility 

The dangers of uniparental inheritance are even more clear in flowering 
plants. Most plants are hermaphrodites— in other words, produce both pol- 
len and ovules— but transmit their mitochondria only through ovules, and 
so mitochondrial mutants that completely abolish pollen production, caus- 
ing cytoplasmic male sterility (CMS) will be positively selected if, in so do- 
ing, there is even a slight increase in ovule production (Lewis 1941). Two 
ways mtDNA might do this are (1) allowing some scarce resource(s) to be re- 
allocated from pollen to ovule production, or (2) preventing self-fertiliza- 
tion and thus inbreeding depression. By contrast, nuclear genes are more 
willing to tolerate inbreeding depression because self-fertilization is associ- 
ated with increased gene transmission. Because nuclear genes are transmit- 
ted equally through pollen and ovules, a nuclear gene causing male sterility 
will spread only if it more than doubles female fertility. Therefore, the 
spread of a CMS gene usually selects for nuclear suppressor genes that 
counteract the CMS gene and restore male fertility. Thus, the evolution of 
uniparental inheritance sets up a powerful conflict of interest between mito- 
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Table 5. 1 Number of species, 
inheritance of male 


genera, 
sterility 


or families showing 
in hybrid crosses 


nuclear and cytoplasmic 


Type of Cross 




Nuclear 




Cytoplasmic 


Within species 
Within genus 
Within family 





13 

1 




23 

41 

3 



From Kaul (1988, Tables 2.2, 3.2-3.4). 



chondrial and nuclear genes over both the optimal allocation to male and 
female function and the optimal levels of outcrossing. 

The result of this conflict is widespread male sterility. Even as of 1972 (the 
last tally of which we are aware), CMS had been described in 140 species, 
within 47 genera, from 20 families (Laser and Lersten 1972). It occurs in 2 
different situations. First, some plant populations have 2 kinds of individu- 
als, hermaphrodites and male-steriles (i.e., females). Such populations are 
said to be gynodioecious. Gynodioecy itself has been described in 350 spe- 
cies from 39 families (Table 10.1 in Kaul 1988) and, among European flow- 
ering plants, is the second most common gender system, after hermaphro- 
ditism (7.5% versus 72%; Richards 1986). In most gynodioecious species 
that have been investigated, male sterility is at least partially maternally in- 
herited (Sun 1987 and references therein). And, even within a single spe- 
cies, there are often multiple CMS genotypes (Kaul 1988, Frank 1989). In 
maize, for example, there are 3 distinct CMS genotypes (T, S, and C), as 
there are in rapeseed (pol, nap, and ogu). The inheritance of male sterility 
usually has a nuclear component as well, indicating that nuclear restorers 
are also common. 

The second situation in which male sterility is common is in the descen- 
dants of crosses between hermaphrodites, either from different species or 
from different populations of the same species. The male-sterile progeny are 
sometimes seen in the first generation and sometimes in subsequent genera- 
tions of hybrid crosses or backcrosses. And, in hybrids too, cytoplasmic in- 
heritance of male sterility predominates (Table 5.1). Presumably this occurs 
because, in at least 1 of the species, a CMS gene has arisen and its restorer 
has swept to fixation, reestablishing hermaphroditism, and male sterility is 
only uncovered when the 2 genes are dissociated (Box 5.1). That is, her- 
maphrodites are restored male-steriles. The data in Table 5.1 suggest that 
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BOX 5.1 

Coevolution of CMS Genes and Nuclear Restorers: An 
Example Trajectory 

The figure in this box shows the fate of a CMS gene that increases 
ovule production by 20%, introduced at a frequency of 10~ 6 into a 
population with a selfing rate of 20%. Initially it increases in fre- 
quency. But as it becomes more common, pollen becomes less 
available, and male-steriles suffer more from pollen limitation than 
do hermaphrodites because they are unable to self. Therefore the 
CMS gene does not go to fixation, but instead reaches some inter- 
mediate equilibrium frequency (in this example, pollen limitation 
is modelled by assuming that the probability of a non-selfed ovule 
getting fertilized is proportional to the frequency of hermaphro- 
dites). Then, in generation 100 a nuclear restorer gene is intro- 
duced, which spreads rapidly and goes to fixation. As it does so, the 
frequency of hermaphrodites, and thus the amount of pollen, in- 
creases, thus allowing the CMS gene also to increase in frequency. 
In the example shown here, the nuclear restorer goes to fixation be- 
fore the CMS gene, with the result that the population is entirely 
hermaphroditic and there is a hidden mitochondrial polymor- 
phism. The fate of the CMS gene then depends on its relative fe- 
male fitness in the presence of the restorer, selection at linked loci, 
and drift. 
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If the CMS gene reaches an appreciable frequency, selection on 
nuclear restorers will be intense, meaning that they can spread even 
if they have negative side effects. But a restorer with negative side 
effects may not go to fixation, in which case the population will re- 
main gynodioecious. If, at the same time, the CMS gene goes to 
fixation, the inheritance of male sterility will appear to be nuclear 
rather than maternal. Or, if both the CMS gene and the restorer 
have negative side effects, the population may remain polymorphic 
at both loci. In computer simulations, gene frequencies can show 
complicated dynamics over time. The coevolutionary dynamics of 
CMS genes and nuclear restorers has been modelled extensively 
(Lewis 1941, Lloyd 1976, Charlesworth and Charlesworth 1978, 
Charlesworth and Ganders 1979, Delannay et al. 1981, Frank 1989, 
Gouyon et al. 1991, McCauley and Taylor 1997, Bailey et al. 2003, 
Jacobs and Wade 2003). 



this is not a rare event, though exactly what fraction of species pairs shows 
CMS on hybridization is not known. 

Note that these findings do not occur because male fertility is somehow 
especially sensitive to mitochondrial dysfunction: induced mutations caus- 
ing male sterility have turned out to be nuclear in 37 species and cytoplas- 
mic in only 4 species (Tables 2.3 and 3.5 in Kaul 1988). As of 1994, over 20 
nuclear genes that can mutate to male sterility were known in maize, com- 
pared to the 3 CMS genotypes (Gabay-Laughnan and Laughnan 1994). 
Note too that, as expected, male sterility is more common than female ste- 
rility. There are only 7 well-documented cases of species with mixed her- 
maphrodite and male individuals ("androdioecy"; Vassiliadis et al. 2002), 
and we are not aware that hybridization of hermaphroditic plants often 
leads to female sterility. (That said, it would be interesting to look for this in 
the few taxa with paternal transmission of mitochondria, and test for pater- 
nal transmission of mitochondria in the few species with androdioecy.) 

CMS may be the tip of the iceberg in terms of cytoplasmic attempts to 
influence sex allocation or the mating system. A reduction in pollen pro- 
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BOX 5.2 

The Uses of CMS in Hybrid Seed Production 

Many agricultural crops are hybrids: the seeds planted in the field 
are derived from parents of 2 different, carefully selected lines. 
Most crops are self compatible, and so it is not easy to produce hy- 
brid seed without some selfed seed mixed in. CMS genes have been 
very useful in solving this problem (Wise and Pring 2002). One of 
the parental lines is bred to carry a CMS gene and so does not pro- 
duce any pollen. It is then grown adjacent to the other line, which 
acts as the pollen donor, and hybrid seed is collected from the 
CMS line. For crops like sugar beet that are grown for their vegeta- 
tive parts, it does not matter if the Fj hybrid is also male-sterile. But 
for crops like corn from which the seed is harvested, the Fi hybrid 
must produce pollen, and so the pollen donor line must be homo- 
zygous for a nuclear restorer. CMS is known from such crops as 
beet, carrot, onion, maize, sorghum, rice, rye, sunflower and wheat 
(Schnable and Wise 1998). 

The most famous CMS genotype is the T-cytoplasm of maize, 
which was discovered in the 1940s. At the time, corn breeders 
could prevent self-fertilization only by laboriously removing tassels 
from the plants by hand. By the 1960s the T-cytotype came to dom- 
inate the worldwide corn seed industry. But it was susceptible to a 
new strain of the southern leaf blight fungus (Cochliobolus heterostro- 
phus), and in 1970 an epidemic destroyed more than 700,000,000 
bushels of corn and wiped out 17% of the plants in the United 
States alone, thus ending the use of T-cytoplasm in seed production 
(Tatum 1971, Ullstrup 1972). T-cytoplasm maize is also vulnerable 
to attack by a second fungus, Mycosphaerella zeae-maydis, for much 
the same reason. The CMS gene, T-urfl3, encodes a protein that as- 
sembles in the inner mitochondrial membrane, and the fungi pro- 
duce toxins that bind to the protein in a way that causes the mito- 
chondria to leak. Levings (1990) speculates that there is some 
anther-specific substance that also binds to the URF13 protein, 
causing the mitochondria to leak, and this is how the CMS dys- 
function is limited to anthers. 
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duction of 10% would be difficult to observe. One would like to see careful 
comparisons of hybrids and allotypes (individuals with organelles from one 
species and nuclei from another) with the parental species in terms of pollen 
and seed production, flower size, timing of anthesis, and so on. 

Mechanisms of Mitochondrial Action and Nuclear Reaction 

The mechanistic basis of CMS has been relatively well studied, particularly 
in crop species, in which CMS genes are especially useful in producing hy- 
brid seed (Box 5.2). But we still do not have a clear picture for any species of 
exactly how it works. Morphologically, CMS manifests itself in different 
species in almost every conceivable way, including the complete absence of 
male organs, meiotic failure, the abortion of pollen at any step in its devel- 
opment, failure of dehiscence, and failure of pollen germination (Laser and 
Lersten 1972, Budar and Pelletier 2001). Even within a species, different 
CMS systems can produce completely different morphologies. In carrots, 
for example, there is a "brown anther" type of CMS, in which pollen growth 
ceases prior to maturation, and a "petaloid" type in which petals or petal- 
like structures form instead of stamens and anthers (Nakajima et al. 1999). 
Homeotic-like transformation of stamens into (sterile) pistils (female struc- 
tures) is known in wheat, and floral malformations also occur in tobacco 
(Bereterbide et al. 2002, Murai et al. 2002; Plate 4; see also Fig. 5.4). 

In many species the dysfunction is thought to originate in the tapetum, 
the specialized tissue surrounding the developing pollen grain (Schnable 
and Wise 1998). All nutrients used by the developing pollen grain must pass 
through the tapetal layer, which acts as a storage organ and also synthesizes 
many parts of the pollen wall (Conley and Hanson 1995). The tapetal cells, 
in turn, are relatively rich in mitochondria (Lee and Warmke 1979, Balk and 
Leaver 2001). In sunflowers, the death of tapetal cells and meiocytes associ- 
ated with CMS has recently been shown to be due to the initiation of a pro- 
grammed cell death pathway (Balk and Leaver 2001). This is interesting be- 
cause mitochondria are well known to be involved in programmed cell 
death pathways (at least in mammals and yeasts), via the release of cyto- 
chrome c into the cell cytoplasm. In addition, cell death is essential for the 
normal development of fertile anthers: tapetal cells eventually have to lyse 
and release lipid compounds that coat the pollen; other cells die and shear 
to allow pollen release; and still others die to provide the spring mechanism 
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Figure 5.4 Hermaphrodite (H) and male-sterile (MS) flowers in Plantago lanceolata. The 
2 different male-sterile types are caused by different mutations. Development of MSI 
flowers is normal up to the stage of anther differentiation, resulting in a flower in which 
only the stamens are affected. Filaments are short and anthers, protruding just outside 
the corolla tube, rapidly turn brown. Pollen sacs can be discerned, but they do not con- 
tain any pollen. Development of MS2 flowers is even more aberrant, and in the ex- 
treme form stamens are completely absent. Sometimes the style cannot leave the nar- 
row corolla and gets coiled up inside, possibly reducing the chance of pollination. On 
the other hand, pistils of these flowers occasionally have 3-seeded capsules, compared 
to the normal 2. Adapted from Van Damme and Van Delden (1982). 
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for dehiscence. CMS in sunflowers may simply result from the premature 
activation of programmed cell death pathways necessary for normal male 
fertility In some other species, CMS may result from the mitochondria fail- 
ing to induce normal cell death. 

The genetic basis of CMS has been uncovered in about a dozen cases. In 
each one, CMS is due to a novel protein-coding gene in the mitochondria 
that has been formed by genomic rearrangements bringing together frag- 
ments of other genes (reviewed in Schnable and Wise 1998, Budar and 
Pelletier 2001, Budar et al. 2003; Fig. 5.5). For example, male sterility in the 
T-cytoplasm of maize is due to the T-urfl3 gene, which is a chimera of part 
of the atpG gene, the 3' flanking region of the 26S rRNA gene, an unidenti- 
fied sequence, and part of the coding region of the 26S rRNA gene. Male 
sterility in Petunia is caused by the peg gene, which is a chimera of atp9, 
eoxll, and an unidentified sequence. CMS genes in rapeseed, sunflowers, 
sugar beets, and carrots all contain fragments of atp8 (= orfB; Nakajima et 
al. 2001). Typically, the CMS-causing gene is close to and cotranscribed 
with an essential mitochondrial gene, and it encodes a protein that binds to 
the mitochondrial membrane. In most species the gene is expressed in all 
tissues, but we do not know how the phenotypic effect is limited to pollen 
development (Budar et al. 2003). One possibility is that the CMS protein 
interacts with some unknown "factor X" that exists only in the male repro- 
ductive tissues to produce the harmful effects. Alternatively, the CMS genes 
may simply cause a slight decrease in mitochondrial efficiency, to which the 
male reproductive tissue is uniquely susceptible. Given that CMS mutants 
can only spread if they increase female fitness and many CMS types are 
used in crops selected for high productivity, any overall decrease in mito- 
chondrial efficiency is probably slight. 

The genetics and mode of action of nuclear restorer genes have also been 
investigated (reviewed in Schnable and Wise 1998, Budar et al. 2003). Most 
of these appear to interfere with the processing of the CMS mRNA after 
transcription (recall that most CMS genes are cotranscribed with a nearby 
essential gene). In species with multiple CMS types, each of the different 
types is suppressed by a different restorer. For example, in maize, ems-T is re- 
stored by Rfl and Rf2; ems-S is restored by RJ3; ems-C is restored by Rf4; and 
each of these restorers is found at a different locus. Interestingly, in rapeseed 
(Brassicanapus), the nap and pol CMS types have different restorers, but they 
map to the same place in the genome and may be allelic (Li et al. 1998). 
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Figure 5.5 The chimeric structure of CMS genes. Shown are 6 different CMS genes, 
each of which is derived from fragments of 1 or more normal mitochondrial genes and 
regions of unknown origin (indicated by the differential shading). These genes presum- 
ably arose by recombination. Also shown are the normal mitochondrial genes with 
which the CMS genes are cotranscribed. Adapted from Budar and Pelletier (2001). 



Such specificity of CMS and restorer genes can help maintain polymor- 
phism in natural populations (Frank 2000). On the other hand, there is also 
redundancy: more than 1 nuclear gene can suppress a particular CMS gene. 
For example, RfS and Rf* are genes in maize that can, at least in part, substi- 
tute for Rfl to restore fertility (Dill et al. 1997). All 3 genes mediate T-urfl3 
transcript accumulation. Nuclear restorers are typically dominant, but can 
act either sporophytically or gametophytically— that is, if the plant is hetero- 
zygous for the restorer, either all the pollen will be functional or only those 
pollen grains that have inherited the restorer gene. Restorer genes for the S- 
cytoplasm of maize are gametophytic (Kamps et al. 1996). Restorer genes 
have been cloned from Petunia and radish plants, and in each case they con- 
tain multiple copies of a 35-amino acid pentatricopeptide repeat (PPR), a 
motif thought to bind RNA (Bentolila et al. 2002, Koizuka et al. 2003). 
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(There are over 200 PPR-containing genes in the Arabidopsis genome, two- 
thirds of which are predicted to be targeted to organelles; Small and Peeters 
2000.) 

CMS and Restorers in Natural Populations 

The high frequency of male sterility in hybrids between populations or spe- 
cies (Table 5.1) suggests that CMS is often a transient phenomenon: a CMS 
mutant arises, spreads through a population, and selects for a nuclear re- 
storer, which goes to fixation, leaving the population back where it began, 
fully hermaphroditic. The underlying tension is then only revealed when 
mismatched CMS and nuclear elements are thrown together in crosses be- 
tween populations. Unfortunately, the phenomenon of transient sweeps has 
not been studied by evolutionary geneticists using modern molecular tech- 
niques, and so our information about it is largely anecdotal. Such successive 
sweeps happen— sometimes. This is a research opportunity crying out for 
study. One promising system has recently been described by Barr (2004): 
Nemophila menziessi (Hydrophyllaceae) populations are typically hermaph- 
rodite, but females are found in a hybrid zone between white- and blue- 
flowered morphs, and experimental crosses between colors produce a higher 
frequency of females than those within morphs. 

What has attracted more research are species with apparently stable gy- 
nodioecy, that is, coexistence of hermaphrodites and male-steriles. Three 
genera in particular have been well studied: Plantago (Plantaginaceae), Thy- 
mus (Labiatae), and Silene (Caryophyllaceae). In each genus, gynodioecy is 
widespread: in Silene, for example, there are several hundred species and 
gynodioecy is likely to be the ancestral gender system (Desfeux et al. 1996). 
Thymus also has many gynodioecious species and no fully hermaphroditic 
ones (Manicacci et al. 1998). Gynodioecy in these species may therefore be 
relatively ancient. 

In each of these genera, the genes responsible have yet to be identified, 
but experimental crosses suggest that the underlying genetics of male steril- 
ity is often complex. In P. lanceolata, 3 different CMS types are known (de 
Haan et al. 1997a, 1997c) and, for the most common one, there appear to be 
5 different loci segregating in natural populations for restorer alleles, 2 dom- 
inant and 3 recessive (Van Damme 1983). For a less common CMS type, 
there are 3 dominant restorer alleles, each at a different locus. In S. vulgaris, 
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there are 3 different CMS types: for one there were no restorers detected 
in the population; for another there were 2 dominant epistatic restorers (i.e., 
restorer alleles needed to be present at both loci in order to produce pollen); 
and for the third there were 3 dominant restorers, 2 epistatic and 1 indepen- 
dent (Charlesworth and Laporte 1998). In both species, all 3 CMS types can 
be found in a single population. In the only T. vulgaris CMS genotype inves- 
tigated, there were 3 different restorer loci, with 1 of them (recessive) having 
to interact with either of the other 2 (1 dominant, 1 recessive) to produce 
pollen (Charlesworth and Laporte 1998). All this complexity is reminiscent 
of the various suppressors ofSD and SR that have been found in Drosophila 
populations and species (see Chaps. 2 and 3). CMS systems have probably 
been highly dynamic over evolutionary time, with both mtDNA and nu- 
clear DNA continually evolving new ploys and counterploys. 

Gynodioecy is relatively stable in these genera— most populations contain 
both females and hermaphrodites— but it is not yet clear how stable the un- 
derlying genetics is, nor whether there is a perpetual flow of new mitochon- 
drial and nuclear mutations. The same CMS type has been found in differ- 
ent populations of Plantago, and similarly for Silene (de Haan et al. 1997b, 
Charlesworth and Laporte 1998; see also Laporte et al. 2001 for Beta vul- 
garis). In Thymus, mitochondrial genotypes are highly variable (reviewed in 
Tarayre et al. 1997), and it is not clear whether CMS genotypes in different 
populations have common or independent origins. Whether or not the 
genes themselves are changing, their frequencies certainly are. This is most 
obvious in the frequency of females, which varies widely among popula- 
tions: 0-34% in P. lanceolata, 0-75% in S. vulgaris, and 5-95% in T. vulgaris 
(Van Damme and Van Delden 1982, Manicacci et al. 1998; McCauley et al. 
2000). Variation in the underlying gene frequencies can be even greater: for 
example, in Plantago lanceolata, 2 populations (BM and HT) with similar fre- 
quencies (7% and 9%) of a particular male-sterile morphology had almost 2- 
fold differences in the frequency of the underlying CMS genotype (57% 
and 31%)— but this difference was hidden by a corresponding difference in 
the frequency of restorers (de Haan et al. 1997a, 1997b, 1997c). Populations 
of this species also show changes in the frequency of females over time. In T. 
vulgaris, older populations (measured as time since last disturbance) show a 
lower frequency of females (Couvet et al. 1990). 

Further progress in studying the dynamics of CMS and restorers in natu- 
ral populations must await identification of the genes themselves, or mark- 
ers linked to them. 
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CMS, Masculinization, and the Evolution of Separate Sexes 

In cases like the ones we have been considering, in which a CMS mutation 
arises in a population and a nuclear restorer does not sweep through to 
fixation, there is selection for other nuclear responses as well. In particular, 
because reproductive investment in the population is female biased, there 
is selection for mutations that masculinize the hermaphrodites— in other 
words, cause them to allocate more to pollen production, even at the ex- 
pense of reducing ovule production (Cosmides and Tooby 1981, Ashman 
1999, Frank and Barr 2001, Jacobs and Wade 2003). The consequence is to 
increase the difference in ovule production between male-steriles and her- 
maphrodites, with reduced selection for restorers as one possible result. In- 
deed, if the difference in ovule production becomes more than 2-fold, even 
nuclear male sterility genes will be selected. 

The extent of masculinization has been studied in 3 species of Thymus 
and it varies substantially (Manicacci et al. 1998). Masculinization is great- 
est in T. mastichina: hermaphrodites are estimated to invest some 10 times 
more energy into pollen production than seed and consequently produce 
only about a third the number of ovules as females do. This is also the spe- 
cies with the highest frequency of females (72%). In other gynodioecious 
species, the process has gone even further: in Hebe subalpina, for example, 
hermaphrodites produce only one-fortieth the number of ovules as do fe- 
males; and in Fragaria virginiana, more than half the "hermaphrodites" 
never set fruit (Lloyd 1976, Ashman 1999). 

The limit of this process is complete masculinization with the species 
consisting of separate males and females and no hermaphrodites— that 
is, dioecy (Maurice et al. 1993, 1994, Schultz 1994). Separate sexes have 
evolved many times among the flowering plants, with gynodioecy thought 
to be the most common ancestral state (Barrett 2002). According to the tab- 
ulations of Maurice et al. (1993), of 308 taxonomic families of flowering 
plants, 55% have 1 or more dioecious species. But of the 35 families in 
which gynodioecy is known, fully 89% of them also have dioecious species. 
Thus there is some evidence of comparative association (though these data 
need to be corrected for differences in family size). Genera with both 
gynodioecious and dioecious species are known from 17 families. 

What happens after dioecy? The evolution of separate sexes does not re- 
move the conflict between nuclear and mtDNA over optimal sex alloca- 
tion. It merely alters the way in which this conflict manifests itself. In partic- 
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ular, in plants with separate sexes, mtDNA will be selected to kill male 
embryos, so as to free extra resources for their sisters. Killing could usefully 
occur at any early stage— at germination, or while the seed is still developing 
on the mother, or even prior to fertilization if Y-bearing pollen can be tar- 
geted. We are not aware of any such mitochondrial killers being described; 
but if they can evolve to target pollen, they should be able to evolve to tar- 
get males. In principle, such conflicts may even contribute to the poor evo- 
lutionary prospects of plants with separate sexes. Although dioecy is wide- 
spread in flowering plants, it is also rare, occurring in only 6% of species, 
and dioecious clades are far less species-rich than their sister taxa (Heilbuth 
2000). Another contributing factor could be increased investment in un- 
productive male function. Outcrossed dioecious species typically have a 
50:50 sex ratio, whereas hermaphroditic ones may enjoy all the benefits of 
outbreeding and sexual selection, while investing as little as 5% of their re- 
sources each generation in male function (Charnov 1982). Thus, in caus- 
ing a hermaphroditic species to become dioecious, CMS genes could put 
their species at a competitive disadvantage with overlapping hermaphro- 
ditic ones, possibly forcing early extinction. 

Pollen Limitation, Frequency Dependence, and Local Extinction 

Before masculinization evolves, it is an inevitable consequence of the spread 
of a CMS gene (at least in the short term) that less pollen will be produced. 
This could result in seed production being limited by the availability of pol- 
len. If the hermaphrodites are self-compatible, they will be less affected by 
pollen limitation than are the females, who rely completely on pollen from 
other plants. Thus, the relative fitness of females may decline as they be- 
come more common. This would cause the CMS gene to come to some in- 
termediate equilibrium frequency rather than going to fixation (Lewis 1941; 
see also Box 5.1). Note that this is similar to the advantage of a driving X 
chromosome in Drosophila populations, which declines as it increases in fre- 
quency due to the reduction in the frequency of males (Chap. 3). Exactly 
this sort of frequency dependence has been observed in Silene vulgaris, in 
both experimentally manipulated and natural populations (McCauley and 
Brock 1998, McCauley et al. 2000; Fig. 5.6). 

In principle, such frequency dependence may not arise in self-incompati- 
ble species that show random mating, because both hermaphrodites and fe- 
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Figure 5.6 Frequency-dependent effects on the relative fitness of females and hermaph- 
rodites in Silene vulgaris. Data are from different natural populations that vary in the rel- 
ative frequency of hermaphrodites vs. females. A. Y axis is the ratio of the square root 
of the number of seeds per capsule for females and hermaphrodites. B. Y axis is the ra- 
tio of the arcsine square root percentage germination for hermaphrodites and females. 
X axis in both cases is the arcsine square root of the proportion of hermaphrodites in 
the population. The dashed lines indicate the proportion of hermaphrodites at which 
the fitness measures of the 2 sex types are equal. Note that the effect on seed produc- 
tion will tend to stabilize the polymorphism, whereas the effect on germination will 
have the opposite effect. Adapted from McCauley et al. (2000). 
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males rely equally on foreign pollen. In the absence of nuclear restorers, 
the CMS gene could go to fixation and the population would go extinct 
(Charlesworth and Ganders 1979). But any real population is likely to show 
some spatial structure and local mating, so hermaphrodites will tend to be 
surrounded by other hermaphrodites, which could allow them to persist 
(McCauley and Taylor 1997). But if a selfed seed is better than none, there 
may then be strong selection for self-compatible mutations. 

Resource Reallocation Versus Inbreeding Avoidance 

Nuclear and mitochondrial genes are in conflict over pollen production for 
reasons of both sex allocation and inbreeding. On the one hand, optimal al- 
location to female function will be higher under mitochondrial control 
than under nuclear control; this difference will be greatest in outcrossing 
species and tend to disappear with increasing inbreeding. On the other 
hand, mtDNA— which is transmitted through only one sex— gains no relat- 
edness to progeny through inbreeding. It wants to avoid selfing (assuming 
fertilization is achieved by outcrossing) if there is any inbreeding depres- 
sion; a nuclear gene wants to avoid selfing only if fitness is reduced by more 
than 50% (because gene transmission to selfed offspring is doubled). More 
generally, a cytoplasmic gene will be selected to incur a greater cost, and risk 
a higher probability of not being fertilized, to avoid inbreeding than will a 
nuclear gene. 

It is not clear which of these— resource reallocation or inbreeding avoid- 
ance—is more important in the evolution of CMS. Male-sterile individu- 
als do typically produce more seeds than do hermaphrodites; but, as we 
have just seen, these differences can be inflated by the masculinization of 
hermaphrodites subsequent to the spread of a CMS mutation. Consider 
Plantago lanceolata, in which compensation has been studied with unusual 
care (Poot 1997). The species is self-incompatible. Thus, the primary benefit 
from CMS is expected to come through an increase in female function 
in male-sterile individuals. As expected in a species with male-sterile indi- 
viduals, investment in flowers in hermaphrodites is biased toward male 
function— as much as 65% of the total. Progeny from between-population 
crosses raised under nitrogen-limited conditions in a growth chamber reveal 
that hermaphrodites, females, and intermediate individuals consume the 
same amount of nitrogen, despite the fact that stamens and pollen are rela- 
tively expensive in nitrogen. Females and intermediate individuals convert 
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the nitrogen saved into additional reproductive and vegetative (= future re- 
productive) tissue, and females set about 50% more seeds than hermaphro- 
dites. Incidentally, there is considerable variation in form and percentage of 
compensation depending on the particular population cross and cytotype 
used. This is reminiscent of the high variability found between cytotypes 
and their nuclear restorers within single species. 

In the gynodioecious Sidalcea oregana, no differences are found between 
the sex types in total allocation to reproduction, but females allocate more 
biomass, nitrogen, phosphorous, and potassium to seeds (Ashman 1999). In 
Hebe subalpina and Cucurbitafoetidissima, more biomass is allocated to seeds 
in females than in hermaphrodites (Delph 1990, Kohn 1989). It would 
be interesting to compare these (possibly) evolved differences to changes in 
fertility associated with new mutations, experimental emasculations, and 
organelle introgressions, which would give information on the advantage to 
a newly arisen CMS gene. Interpretation is also made difficult because "her- 
maphrodites" include wildtype cytoplasms without restorers, wildtype cyto- 
plasms with restorers, and male-sterile cytoplasms with restorers, as these ge- 
notypes cannot yet be distinguished, except by laborious crosses (e.g., Van 
Damme 1984). 

For some species— for example, those in which anthers and pollen are pro- 
duced but the pollen fail to develop after reaching the stigma— inbreeding 
avoidance would seem to be the only possible function. The advantage to 
the CMS gene of not selling, assuming no pollen limitation, is sd/l— sd, 
where s is the selfing rate of the hermaphrodites and d is the inbreeding de- 
pression suffered by selfed seeds. At least in some mixed-mating popula- 
tions, this advantage can be substantial (e.g., 2-fold; Kohn and Biardi 1995, 
Schultz and Ganders 1996). In self-incompatible species, 5=0, and so the 
benefit to the mitochondria of avoiding inbreeding depression should be 
much reduced (though perhaps not wholly absent because self-incompati- 
ble hermaphrodites can be pollinated by maternal half- or full siblings, but 
not if they carry a CMS gene). It is interesting in this context that 
gynodioecy appears to be severely underrepresented in self-incompatible 
species, though we are not aware of any formal comparative analysis 
(Charlesworth and Ganders 1979). This suggests that the avoidance of 
selfing is— from the mtDNA point of view— an important function of CMS. 
It would be interesting to know whether CMS is more common in hybrids 
of related self-compatible populations (species) than of related self-incom- 
patible populations (species). (Note that there is an alternative explanation. 
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If CMS does arise in a self-incompatible population, it may lead to extinc- 
tion or to self-compatibility.) 

Importance of Mutational Variation 

It is a truism that phenotypes can evolve only if they first arise by mutation. 
In every case that has been studied so far, CMS is due to mutations in 
mtDNA, not in chloroplast DNA. Yet chloroplasts are also usually mater- 
nally inherited, and the selective advantage of a chloroplast gene causing 
male sterility should be about the same as that of a mitochondrial gene. 
This suggests that such mutations arise less frequently in chloroplast DNA 
than in mtDNA, perhaps because the chloroplast genome is less recombi- 
nationally dynamic (Palmer 1990; recall that mitochondrial CMS genes 
typically originate from genome rearrangements). It could also be because 
mitochondria are more intimately involved in anther and pollen produc- 
tion than are chloroplasts and so may more frequently mutate to disrupt 
these processes. A null mutation causing mtDNA malfunction in anthers 
may be entirely sufficient. We noted earlier that plant species differ sig- 
nificantly in their mitochondrial gene content, and it would be interesting 
to know whether this has any effect on their propensity to generate CMS 
mutations. 

Mitochondria in animals are like chloroplasts in plants: in principle, the 
selection pressures are there for CMS or its equivalent, but the appropriate 
mutations apparently occur rarely, if at all. Many animal taxa are hermaph- 
roditic, but mitochondrial mutations causing testicular or spermatic failure 
have yet to be reported. Many arthropods have maternally inherited bacte- 
rial parasites that have evolved to feminize or kill males (Box 5.3), but none 
has been reported with mitochondria that do this. And in mammals, a mito- 
chondrial variant that destroyed male embryos, thereby creating space for 
reproductive sisters, would be strongly selected, but has yet to be described. 
We attribute these failures of evolution to the relatively small size and 
recombinational inactivity of mitochondrial genomes in animals. 

Given that plant mitochondria have somewhat sophisticated capabilities, 
such as the ability to convert male plant parts into (crude) female parts, it is 
interesting to speculate what else they may do. We have already suggested 
that they may increase seed production quite independently of abolishing 
pollen production, and that they may kill male embryos or otherwise skew 
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BOX 5.5 

Maternally Inherited Reproductive Parasites of Arthropods 

Many arthropods are host to intracellular bacteria or protozoa that, 
like mitochondria, are inherited through the egg, from mother to 
offspring (O'Neill et al. 1997). Like the mitochondria inhabiting 
the same cells, these maternally inherited endosymbionts are se- 
lected to skew host reproduction toward females; unlike mitochon- 
dria, many of them have successfully evolved to exploit this oppor- 
tunity, and in a variety of ways (O'Neill et al. 1997, Charlat et al. 
2003): 

Male killing. In several insect and mite species, there are maternally 
inherited bacteria that have evolved to kill male embryos. At least 
for Spiroplasma in Drosophila, they do this by inducing embryo- 
wide apoptosis (G. Hurst, pers. comm.). Killing a male can increase 
a bacterium's probability of being transmitted to the next genera- 
tion if, for example, juvenile females eat their dead brothers or 
have more resources available in their absence, thus increasing their 
probability of surviving to adulthood. 

Diploid feminization. In amphipod crustaceans such as Gammarus, 
there are microsporidian protozoans that interfere with normal sex- 
ual differentiation and cause genetic males to develop as females. In 
isopod crustaceans such as Armadillidium and some lepidopterans, 
there are bacteria doing the same thing. Infected females produce 
twice as many daughters as uninfected ones, allowing the endo- 
symbiont to be transmitted to twice as many granddaughters. 

Haplo diploid feminization. In some haplodiploid wasps and mites, 
there are bacteria that induce unfertilized eggs, which would nor- 
mally develop into males, to develop instead into parthenogenetic 
females. In wasps the bacteria cause the chromosomes to double, 
and so the females are diploid, whereas in Brevipalpus mites the fe- 
males remain haploid (Weeks et al. 2001). Again, infected females 
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produce twice as many daughters as uninfected ones, thereby allow- 
ing the endosymbiont to be transmitted to twice as many grand- 
daughters. 

Cytoplasmic incompatibility. In many insect species there are bacte- 
ria that in males somehow modify the sperm such that eggs from 
uninfected females that are fertilized by those sperm die; eggs from 
infected females are viable regardless of whether the father was in- 
fected. In this way the bacteria decrease the fitness of uninfected fe- 
males, thereby increasing the (relative) fitness of infected females. 
Recently, one of these bacteria has swept through the California 
population of D. simulans over a 5-year period (Hoffmann and 
Turelli 1997). 

Strikingly, there is a single genus of bacteria, Wolbacbia, in which 
all 4 of these phenotypes have been observed. This rich diversity of 
reproductive parasitism contrasts with the apparent absence of any 
similar adaptations in animal mitochondria, and perhaps suggests 
what nuclear-mitochondrial relations may have been like in early 
eukaryotes, when the symbiosis was young. 



the sex ratio in dioecious species toward females. In some species, plants ad- 
just their allocation to male versus female function in response to the exist- 
ing population sex ratio, as judged by the amount of pollen arriving on 
the stigma (more pollen indicates a more male-biased population). For ex- 
ample, in Begonia gracilis (Begoneaceae), plants produce separate male and 
female flowers, and plants receiving a lot of pollen subsequently produce 
relatively more female flowers than those receiving little pollen (Lopez and 
Dominguez 2003). And in some dioecious Rumex species (Polygonaceae), 
females produce relatively more daughters when they receive a lot of pollen 
compared to when they receive little (Rychlewski and Zarzycki 1975, Conn 
and Blum 1981). Mitochondria may be expected to interfere with these 
mechanisms, to bias sex allocation toward female function even under low 
pollination conditions. Mitochondrial genes will also be more strongly se- 
lected to maintain self-incompatibility than will nuclear genes (especially 
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those linked to the self-incompatibility locus), and may in some species 
have evolved a critical role, acting either in the style or in the pollen. But 
even for mitochondria in plants, constraints on the mutational spectrum 
should be critical. Nuclear genes have a much larger mutational spectrum 
than does mtDNA, because they have many more genes (and noncoding 
DNA), and presumably this is a major reason why the nucleus usually wins 
the conflict with the mitochondria— that is, why most plants are hermaphro- 
dites, not gynodioecious, with male sterility often only uncovered in popu- 
lation or species hybrids. 

CMS and Paternal Transmission 

We have already noted that CMS can select for a diverse array of nuclear 
responses, including restoration of male fertility, masculinization of her- 
maphrodites, and self-compatibility We end our review of CMS by noting 
that, in principle, it also selects for a reversal of the very thing from which it 
springs: maternal inheritance. In a population polymorphic for a CMS 
gene, mitochondria in pollen are less likely to carry the gene than mitochon- 
dria in ovules. Thus, nuclear genes may be selected to promote paternally 
derived mitochondria over maternally derived ones. This will be true of nu- 
clear genes acting in the mother, the father, or the offspring. The result 
could be a degree of paternal "leakage" or even outright paternal inheri- 
tance. The comparative biology of mitochondrial inheritance in plants is 
not well understood— all we know is that occasionally there is paternal leak- 
age, and occasionally there are species with predominantly paternal inheri- 
tance. Perhaps occasionally such reversals evolve in species troubled by 
CMS genes, as a way of reducing the chance of transmitting so selfish 
a gene. 

Other Traces of Mito-Nuclear Conflict 

This chapter reviews the two main forms of conflict between mitochondria 
and nuclei. First, mitochondria may replicate faster than is optimal for the 
organism, in order to swamp a competitor. This is particularly likely with 
biparental inheritance, because of the greater within-organism genetic varia- 
tion. Second, with uniparental inheritance, mtDNA evolves to skew repro- 
duction toward the transmitting sex. But there have undoubtedly been 
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other forms of conflict during the more than a billion years that mitochon- 
dria have been living inside eukaryotic cells. Presumably conflicts were par- 
ticularly prevalent before mitochondria became so degenerate (much as 
more recent endosymbionts of arthropods are more often in conflict with 
their hosts; see Box 5.3). Such ancient conflicts may have left traces in the 
modern workings of mitochondria and nuclei. In this section we review sev- 
eral possibilities; all of them are speculative. 

Mitochondria and Apoptosis 

It is a striking fact, already alluded to, that mitochondria play an active role 
in apoptosis (programmed cell death; Zamzami et al. 1996, Green and Reed 
1998, Thornberry and Lazebnik 1998, Blackstone and Kirkwood 2003). Al- 
though it is not clear what exactly precedes what, an early sign of death is 
the opening of pores or ion channels in the mitochondrial membrane, fol- 
lowed by osmotic expansion of the mitochondrion until the outer wall 
bursts, releasing caspases and other chemicals into the cytoplasm (Green 
and Reed 1998). At the same time, disruption of electron transport and 
therefore energy metabolism is another early sign, but ATP production is af- 
fected much later. Indeed ATP is itself necessary for some downstream 
apoptotic events, presumably because destruction is active and requires en- 
ergy. Mitochondria contain an apoptosis-inducing factor, AIF 5 , which is 
normally confined to mitochondria but which translocates to the nucleus 
when apoptosis is induced (Susin et al. 1999). There it causes chromatin 
condensation and large-scale fragmentation of DNA. AIF 5 also induces mi- 
tochondria to release the apoptogenic proteins cytochrome c and caspase-9, 
which itself activates further downstream executor caspases. (The caspases 
are a family of cysteine-dependent aspartate-specific proteases whose mem- 
bers act as both initiators and executors of apoptosis.) 

Cells lacking mtDNA are capable of apoptosis, and both AIF 5 and cyto- 
chrome c are coded by nuclear genes, but several mitochondrial genes ap- 
pear to be involved in apoptosis. In human hematopoietic myeloid cell 
lines, inhibition of the mitochondrial gene NADH dehydrogenase subunit 
4 decreases cell viability and generates markers of apoptosis (Mills et al. 
1999). In the same kind of cell lines, a mitochondrial antisense RNA for 
cytochrome c oxidase can induce large-scale DNA fragmentation within 36 
hours and cell death within 3 days (Shirafuji et al. 1997). In human colonic 
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epithelial cells, elevation of mitochondrial gene expression appears to be 
important in inducing apoptosis of these cells in culture (Heerdt 1996). 

How might mitochondria have come to be central players in apoptosis? 
Perhaps in some ancient eukaryote mitochondria were sometimes selected 
to kill their host cell, much as they now are in the tapetum of sunflowers. 
Kobayashi (1998) speculates that early mitochondria were selected to kill 
cells to which they had not segregated, analogous to systems now observed 
for some bacterial plasmids (Box 2.1). Interestingly, the one mitochondrial 
gene that is variably present in animals, called A8, has no detectable ho- 
mology to any prokaryotic ATP synthase, but its hydropathy profile shows a 
significant similarity to that of hok, a gene involved in bacterial plasmid- 
maintenance systems (Jacobs 1991). Nuclear genes may then have evolved 
to co-opt the phenotype and express it when it was in their own interests to 
do so. The genes originally responsible for the action may no longer be in 
the mitochondria but instead have moved to the nucleus. 

Mitochondria and Germ Cell Determination 

Another organismal function in which mitochondria seem inexplicably to 
be involved is germ cell determination (Amikura et al. 2001). In many ani- 
mal species, there is a histologically distinct region of the egg cytoplasm, 
called the germplasm, which is the part that will go on to form the germline, 
eventually producing eggs or sperm. This germplasm consists largely of ger- 
minal granules (also called polar granules) and mitochondria. The germinal 
granules are electron-dense structures that act as repositories for the factors 
required for germ cell formation. In Drosophila, they are rich in mitochon- 
drial-type ribosomes, which are ribosomes consisting of mitochondrially en- 
coded RNAs and some of the same nuclear-encoded proteins as used in mi- 
tochondrial ribosomes. Such ribosomes are not typically found outside of 
mitochondria in other tissues. Similar observations have been made for 
planarian, sea urchin, ascidian, and frog embryos. How might mitochon- 
dria have become involved in germ cell determination? We speculate that in 
the early evolution of tissue differentiation in animals (when, based on 
choanoflagellates, mitochondria probably had more genes than they do 
now, including many for ribosomal proteins; Burger et al. 2003), mitochon- 
dria would have been selected to ensure that the cell or embryonic region in 
which they were found ended up as part of the germline, and evolved mech- 
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anisms to ensure this happened. These mechanisms may then have been co- 
opted by the nucleus. 

Mitochondria and RNA Editing 

In many organisms there is a minority of genes in which the DNA is tran- 
scribed into RNA, and then enzymes act on the RNA to change the coding 
sequence— for example, inserting or deleting a single base or changing one 
base to another (Gray 2001). That is, the RNA is edited. Why might such a 
system have evolved— if the alteration is beneficial, why would it not simply 
occur at the DNA level directly? Gray (2001) suggests that perhaps the edit- 
ing machinery originally evolved neutrally, by genetic drift, but now is 
maintained by selection because the genome has acclimatized to it. But this 
seems like a lot to ask of random drift unaided by selection. An alternative 
scenario is suggested by the observation that editing is disproportionately 
common for mtRNA, while the enzymes responsible are encoded in the nu- 
cleus. We speculate that in some cases RNA editing originally evolved as a 
way for nuclear genes to rewrite or override the instructions of mitochon- 
drial genes that were antagonistic to nuclear interests. In other cases, partial 
editing may have evolved so as to make 2 proteins from a single gene. In ei- 
ther case, once the machinery has evolved, the genome may then "degener- 
ate" to the point at which editing is essential for life (Gray 2001). 
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IF AN RNA OR PROTEIN MOLECULE is damaged, the cell will typically degrade 
the entire molecule and replace it with a new one. But cells cannot do this 
with DNA. A chromosome is too big and the copy number is too low, so it 
is far more efficient to repair the chromosome than to replace it. If only one 
DNA strand is damaged, the other may be used as a template for repair; al- 
ternatively, if both strands are damaged, the homologous chromosome may 
be used. DNA repair involves DNA synthesis, sometimes of just 1 nucleo- 
tide, and sometimes of thousands or more, depending on the type of dam- 
age and the method of repair (Alberts et al. 2002). This repair-associated 
DNA synthesis has given rise to multiple forms of drive. 

On the one hand, there is biased gene conversion (BGC). Like other 
forms of drive, it is a process by which a heterozygote transmits one allele 
more frequently than the other. This drive does not arise because the gene 
encodes a protein that acts to bias inheritance; rather, drive arises as a by- 
product of biases in the mechanisms of DNA repair. This is therefore a 
more passive form of drive. It is also relatively weak, with effective selection 
coefficients of 1% or less. But BGC has the potential at least to be pervasive, 
with effects across the entire genome, and several lines of evidence suggest it 
can play a major role in shaping the composition of eukaryotic genomes. It 
is also likely to have played an important role in the evolution of the mei- 
otic machinery. 
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At the other extreme are homing endonuclease genes (HEGs), a class of 
selfish genes that are anything but passive. These are optional genes, with no 
known host function, that spread through populations by exploiting their 
host's DNA repair systems. They encode an enzyme that specifically recog- 
nizes and cuts chromosomes that do not contain a copy of the gene; the cell 
then repairs the damage and, in so doing, copies the HEG onto the cut 
chromosome. HEGs cause minimal damage to their hosts, even when ho- 
mozygous, and can sweep through a population with minimal hitchhiking 
effects on flanking DNA. 

The enzyme encoded by a HEG has a relatively sophisticated and un- 
usual capability— cleaving DNA at a specific 15-30bp recognition se- 
quence—and this can be used for more than just promoting the spread of a 
HEG. So, for example, yeast cells have evolved a complex mechanism for 
mating-type switching, the central enzyme in which is clearly derived from a 
homing endonuclease. Humans too are finding uses for HEGs, with several 
available in molecular biology catalogs. They have a role in genetic engi- 
neering: already HEGs are used for one method of gene targeting in 
Drosophila (Rong and Golic 2003), and there is the potential for their use in 
human gene therapy (Chandrasegaran and Smith 1999). As we shall see, 
they may even be used to genetically engineer entire populations. 

In this chapter we review the biology of BGC and HEGs. We also include 
a brief review of group II introns, a class of genes that are in many ways simi- 
lar to HEGs but that use a completely different mechanism of drive based 
on their own DNA polymerase. We end with a discussion of how artificial 
HEGs could be used for the control and genetic engineering of pest popu- 
lations. 



Biased Gene Conversion 

In cells that are heterozygous for 2 alleles, A and B, one allele is sometimes 
converted into another and the cell becomes homozygous (AA or BB). This 
is not due to conventional mutation: though rare, conversion occurs many 
orders of magnitude more frequently than de novo mutations (e.g., AA or 
BB homozygous cells giving rise to AB heterozygotes). Rather, genetic in- 
formation is transferred from one chromosome to another, without the do- 
nor chromosome itself being affected. Gene conversion does not appear to 
be an end in itself, but rather an incidental by-product of other, more fun- 
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damental cellular processes. And it is widespread: conversion probably oc- 
curs with some frequency at most loci in most sexual eukaryotes. As well as 
occurring between 2 alleles of a single locus, it can also occur "ectopically," 
between alleles at different loci, if they are homologous (e.g., members of a 
gene family), and so it can be a mechanism for spreading sequences around 
the genome. Importantly, gene conversion is often biased, so AB heterozy- 
gotes give rise more often to one type of homozygote (say, AA) than the 
other (BB). As a result, the A allele shows drive and will increase in fre- 
quency in the population unless opposed by some other force (Gutz and 
Leslie 1976). Thus, genes can increase in frequency and persist in popula- 
tions simply because they are good converters. And in a large multigene 
family with hundreds of loci, all producing the identical product, the effect 
of a new mutation on the organismal phenotype may be very small, and its 
fate determined much more by its conversion properties than by its 
phenotypic effects (Hillis et al. 1991). 



Molecular Mechanisms 

Detailed studies of gene conversion suggest that it is an incidental by-prod- 
uct of more fundamental processes like DNA repair, meiotic crossing-over, 
and (perhaps) chromosome synapsis. 

Gene conversion and DNA repair. DNA consists of 2 complementary 
strands, and so if damage occurs to 1 strand, the other can be used as a tem- 
plate for repair. But if there is damage to both strands, the only possible 
template for repair is another piece of DNA. Suppose, for example, a piece 
of DNA suffers a break across both strands. Sometimes the cell simply joins 
the 2 ends back together again ("nonhomologous end-joining"), but the 
broken ends are susceptible to degradation and this type of repair often 
leads to the loss of 1 or more base pairs at the join. A more precise alterna- 
tive is to use the homologous chromosome to align the broken ends and act 
as a template to replace whatever may have been lost by degradation (Fig. 
6.1). In this way genetic information can be copied from one chromosome 
to another; and if the 2 molecules are different, the break-and-repair event 
would be detectable as a gene conversion event. This recombinational re- 
pair pathway is probably the main cause of gene conversion in mitotic cells 
(Orr-Weaver and Szostak 1985). Rates of mitotic gene conversion are greatly 
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Figure 6.1 Gene conversion associated with DNA repair. Shown here is the simplest 
form of double-strand break repair, via the synthesis-dependent strand annealing 
(SDSA) pathway. After resection of the two 5' ends of the broken chromosome, each of 
the 3 ' ends invades the intact chromosome and uses it as a template for DNA synthesis. 
Once this has proceeded sufficiently, the two 3 ' strands anneal, and the chromosome is 
then made whole. The repair process therefore involves the copying of sequence infor- 
mation from the intact chromosome to the broken one. Adapted from Piques and 
Haber(1999). 



increased by X-rays, UV irradiation, and some chemical mutagens (Kunz 
andHaynes 1981). 

Gene conversion and meiotic crossing-over. Rates of gene conversion are 
2 to 3 orders of magnitude more frequent in meiotic cells than in mitotic 
cells, and much of this increase is because gene conversion occurs as a by- 
product of meiotic crossing-over (Orr-Weaver and Szostak 1985, Piques and 
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Figure 6.2 Gene conversion associated with meiotic recombination. Crossing-over is 
initiated by an enzyme cleaving one chromosome, followed by resection of the two 5' 
ends. The double-strand break repair (DSBR) pathway is more complex than the SDSA 
pathway of Fig. 6.1 and can lead to both crossover and noncrossover products (only 2 
of the 4 possible resolutions are shown). In either case, sequence information is copied 
from the intact chromosome to the cut one. Adapted from Allers and Lichten (2001). 



Haber 1999). Crossing-over is initiated by a double-strand cut made in 1 of 
the chromatids (Sun et al. 1989, Wu and Lichten 1994; Fig. 6.2). On either 
side of the cut, the 5' strand of DNA is digested away, leaving a 3' single 
strand overhang of several hundred nucleotides (Sun et al. 1991). This chro- 
matid is then "repaired"; and, though the cut occurs after DNA replication, 
the preferred template is the homolog, not the sister chromatid (Schwacha 
and Kleckner 1994). If the individual is heterozygous in this region, there 
will be some mismatch in the heteroduplex DNA; and if no other changes 
are made, these sites will segregate 5:3 in favor of the uncut allele. However, 
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the mismatches may themselves become targets of the cell's mismatch re- 
pair system, in which case they will segregate either 6:2 or 4:4, depending on 
the direction of repair. The region of heteroduplex DNA formation is much 
larger than the double-strand gap (which is a few nucleotides at most), and 
so most gene conversion events will occur within it (Sun et al. 1991). 

Gene conversion and chromosome synapsis. Only about one-third of 
gene conversions in Saccharomyces and Neurospora are associated with cross- 
ing-over of flanking genes, leaving the other two-thirds unaccounted for 
(Perkins et al. 1993, Stahl and Lande 1995). One idea is that these are by- 
products of an earlier stage in meiosis, in which DNA strands interact with 
one another, looking for complementary regions, so as to find and properly 
align with the homologous chromosome (Carpenter 1984, 1987, Smithies 
and Powers 1986). Recent molecular evidence is consistent with this idea: 
crossover and noncrossover gene conversion events occur by different path- 
ways, and the latter occur earlier in meiosis (Allers and Lichten 2001). 

Biases. The importance of gene conversion as a source of drive derives 
from the fact that it is often biased. This bias can arise in two ways. First, if 1 
allele is somehow more susceptible to double-strand damage or is more 
likely to be the allele at which meiotic recombination is initiated by a dou- 
ble-strand break, it tends to lose out in gene conversion. Second, during all 
these molecular processes, there is base-pairing between strands of DNA 
from the 2 homologous chromosomes (Figs. 6.1 and 6.2). If there are any 
mismatches between them, they are likely to be acted on by the cell's mis- 
match repair system, which removes 1 of the bases and replaces it with 1 
complementary to the remaining base. Biases have been well documented 
in other contexts of mismatch repair (Brown and Jiricny 1987, 1988). In one 
experiment, DNA sequences constructed to have a G/T mismatch and in- 
troduced into cultured monkey cells were repaired 92% of the time to G/C 
and 4% to A/T, while 4% were left unrepaired; C/T and A/G mismatches 
also show a repair bias to G/C (Table 6.1). The extreme bias associated with 
G/T mismatches is thought to be an adaptation to deal with the high fre- 
quency of C-»T mutations due to methylation (Brown and Jiricny 1987). 
Consistent with this idea, biases in yeast (which does not have methylation) 
are much less pronounced (Table 6.1). But whether the biases associated 
with gene conversion are selected themselves to compensate for mutational 
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Table 6.1 Biases in mismatch repair in monkey and yeast cells (percentages) 



Repaired to: 



Mismatch 


G:C 


A:T 


Unrepaired 


Monkey 








G:T 


92 


4 


4 


A:C 


41 


37 


22 


C:T 


60 


12 


28 


A:G 


27 


12 


61 


Yeast 








G:T 


53 


37 


10 


A:C 


44 


34 


21 


C:T 


48 


33 


18 


A:G 


48 


36 


16 



Plasmids with mismatches of the indicated type were introduced into cells and then recovered to 
test for biases in the direction of repair. Numbers are percentages. From Brown and Jiricny (1988) 
and Birdsell (2002). 



biases or are unselected side effects of biases in DNA repair is not yet clear 
(Bengtsson and Uyenoyama 1990). For homogeneous mismatches (A/A, 
C/C, G/G, T/T), there cannot be any overall bias to G/C, but biases have 
been observed in which the nucleotide is replaced according to the identity 
of the neighboring nucleotides (Brown and Jiricny 1988). In principle, this 
could lead to the accumulation of particular combinations of nucleotides. 

Effective Selection Coefficients Due to BGC in Fungi 

Quantifying the frequency of gene conversion and the extent of bias is most 
easily done in ascomycete fungi, in which the 4 products of a single meiosis 
can be observed together. As with other forms of drive, we can quantify the 
strength of gene conversion by the effective selection coefficient, which is 
the selection coefficient that would give an equivalent change in gene fre- 
quency. Table 6.2 shows an example dataset and outlines the relevant calcu- 
lations, and Table 6.3 summarizes data on segregation ratios for various loci 
in 3 ascomycete fungi (see also Lamb 1984, 1998). For these loci, segrega- 
tion ratios that deviate from 4:4 typically occur in 1-5% of meioses, most 
mutants show a statistically significant bias in which allele is preferentially 
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Table 6.3 


Frequencies 


of gene conversion 


and effective selecdon coefficients in 


3 fungi 


Species (reference) 




Locus 


N 


% gc s, 


% sig 



Ascobolm immersus (1) 




hi 


31 


2.9 


0.007 


77 






1,2 


31 


18.0 


0.062 


90 


Sordaria brevicollis (2) 




g3 


11 


2.2 


0.026 


100 






g4 


10 


1.4 


0.008 


80 






g5 


18 


1.5 


0.007 


89 


Saccharomyces cerevisiae 


(3) 




30 


4.8 


0.003 


33 



*30 different loci. 

N: number of different mutations studied. 

% gc: average percentage of asci showing gene conversion (i.e., deviating from 4:4 segregation). 
s e : average effective selection coefficient of the mutant allele when rare for all mutations, calcu- 
lated as \2d-\\. 

°/o sig: percentage of mutations showing significantly biased gene conversion (p<0.05). 
References: (1) Leblon (1972a); (2) Yu-Sun et al. (1977); (3) Fogel et al. (1979). 



recovered, and effective selection coefficients in the range of 0.1-1% are 
common. Such selection coefficients are small compared to most others dis- 
cussed in this book, but even under inbreeding they are probably larger 
than needed to overpower drift. Indeed, for large fungal populations one 
wonders whether there are any nucleotide sites where random drift is more 
important than biased gene conversion. Unfortunately, it is not clear 
whether these loci are typical of others in the same species, nor do we have 
similar data for plants and animals. 

BGC and Genome Evolution 

Because BGC is such a pervasive form of drive, it has the potential to mold 
the structure and composition of entire genomes. The most tantalizing evi- 
dence in this respect concerns the GC content of mammalian genomes. Be- 
cause of the rules of base pairing, the amount of G in DNA is always equal 
to the amount of C, and similarly for A and T, but the proportion of GC 
pairs versus AT pairs is allowed to vary and does so dramatically, even 
within a single genome. In the human genome, for example, the GC con- 
tent of third-codon position sites (GC3) varies from 40% to 80%, with varia- 
tion on the scale of about 300kb (Galtier et al. 2001). As we have already 
noted, the mismatch repair system is biased toward producing GC pairs, 
and so if BGC is important, one expects there to be higher GC content in 
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regions of the genome with higher recombination rates. Several observa- 
tions are consistent with this expectation (see also Hickey et al. 1994, Galtier 
2003): 

• There is a genome-wide correlation between the GC content of a region 
and the local rate of recombination— not only in mammals, but also in 
Drosophila, Caenorhabditis, and yeast (Birdsell 2002, Marais 2003). The 
correlations tend to be weak, but are much stronger if only recent nucle- 
otide changes are included, as expected if local rates of recombination 
are not stable over long evolutionary timespans (Meunier and Duret 
2004). 

• X-linked genes of humans (which recombine) have a higher GC3 con- 
tent than their Y-linked paralogs (which do not; 51% versus 45%; 
Birdsell 2002). 

• In the last 3 million years, in the lineage leading to present-day mice, 
a gene called Fxy, which in other mammals is X-linked, has been du- 
plicated with the new copy having its last 7 exons in the "pseudo- 
autosomal" region where X and Y chromosomes recombine at male 
meiosis. This region has perhaps the highest rate of meiotic recombina- 
tion in the whole genome because it is small, but nevertheless it must 
have 1 crossover with every male meiosis in order to ensure proper seg- 
regation. As expected, there has been a dramatic increase in the GC3 
content of these exons, from about 55% to 86% (Perry and Ashworth 
1999, Montoya-Burgos et al. 2003), while exons 1-3 have remained 
with the ancestral GC3 content. 

Surprisingly, intergenic regions and introns have lower GC contents than 
the GC3 contents of the ORFs on either side, and pseudogenes have lower 
GC contents than their functional counterparts (Birdsell 2002). It is not 
clear at this time how to interpret these observations. Nor can we explain 
the apparent quantitative discrepancy between studies of BGC in mammals 
and fungi. The latter suggest effective selection coefficients due to BGC of 
0.1-1%; if values were as large as this in mammals, essentially all otherwise- 
neutral sites would be 100% GC. 

Homologous chromosomes can differ not only by nucleotide substitu- 
tions but also by insertions and deletions (indels), from lbp up to many 
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thousands (e.g., a transposable element insertion on one chromosome). If 
indels also show a consistent pattern of BGC, this will, over time, affect the 
size of the genome. Again, there are several suggestive observations: 

• In the filamentous fungi Ascobolus and Sordaria, gene conversion biases 
are particularly strong for alleles induced by mutagens that insert and 
delete nucleotides, and are less strong for alleles differing by base substi- 
tutions (Leblon 1972a, 1972b, 1979, Yu-Sun et al. 1977). 

• If heteroduplex DNA molecules are constructed in which 1 strand has a 
12-246bp insert, and these are introduced into mammalian cells, the 
mismatch is corrected with a 2:1 bias toward the deletion (Weiss and 
Wilson 1987, Bill et al. 2001). Short (12bp) palindromic inserts can 
show the opposite bias. If the same biases operate at meiosis, they 
would lead to genomes shrinking, but the spread of short palindromic 
repeats. 

• For the Fxy gene that recently duplicated to the pseudoautosomal re- 
gion of mice, 3 introns have been compared between ancestral and de- 
rived copies, and all 3 shrank dramatically after the duplication (from 
5.2, 5.0, and lO.Okb to 0.9, 1.5, and l.Okb, respectively; Montoya-Burgos 
et al. 2003). The molecular mechanisms underlying these facts are not 
yet clear. It could be that deletions show BGC relative to insertions. Al- 
ternatively, an elevated GC content implies a simpler DNA sequence 
(at the limit there are only 2 bases instead of 4), which is more likely to 
form stable secondary structures (due to pairing between Gs and Cs on 
the same strand), and this may affect the relative frequency of insertion 
and deletion mutations during DNA synthesis. 

• There is a genome-wide trend in mammals for introns to be shorter 
in GC-rich regions of the genome, and gene density to be higher 
(Montoya-Burgos et al. 2003). 

Whatever the molecular basis, the results are consistent with recombination 
leading over evolutionary time to local contractions of the genome. It will 
be very interesting to see whether this is generally true, and also whether 
there are any exceptions— in other words, whether there is ever a bias in fa- 
vor of an insert, due either to differences in genomic location or to differ- 
ences in the sequence of the insert. An occasional bias in favor of inserts 
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could, in principle, account for the vast number of pseudogenes and trans- 
posable elements that have gone to fixation at particular sites in many 
genomes, including our own (see Chap. 7). 

In addition to GC contents and genome size, part of the repetitive nature 
of genomes may also derive from BGC. The pseudoautosomal introns of 
the Fxy gene, while they have shrunk, have also acquired minisatellite re- 
peats (tandem repeats of 7-121bp motifs; Montoya-Burgos et al. 2003). And 
minisatellites are disproportionately common in GC-rich regions of the ge- 
nome. Moreover, the direct analysis of human minisatellites in meiosis indi- 
cates they frequently undergo conversion-like events involving the transfer 
of repeats between chromosomes, which result almost exclusively in the 
gain of repeats (Jeffreys et al. 1999, Buard et al. 2000). Indeed, Jeffreys et al. 
(1999: 1675) suggest that "a deep and fundamental connection exists be- 
tween minisatellite instability and meiotic crossover such that minisatellites 
may represent crossover parasites spawned by the recombination machin- 
ery." Though the data are as yet fragmentary, it seems at least possible that 
BGC has played a pervasive role in shaping genome size and structure. 

BGC and Evolution of the Meiotic Machinery 

The molecular investigations of gene conversion and meiotic crossing-over 
described earlier reveal a very curious feature: the sites at which recombina- 
tion is initiated by a double-strand break are subject to gene conversion and 
are lost as a result of the event itself (Nicolas et al. 1989). This curious prop- 
erty of recombination has some interesting evolutionary implications (Burt 
2000). 

First, consider a species in which there is selection for increased recombi- 
nation. In principle, one might think that such selection would lead to the 
accumulation of as-acting sequences at which recombination is initiated, 
due to their being tightly linked to the site of action. But because these se- 
quences are lost as a result of initiating recombination, it is difficult to see 
how they could increase in frequency, particularly when they are rare at a lo- 
cus and therefore usually heterozygous. Our understanding of the molecu- 
lar mechanics of recombination suggests that this expectation is unrealistic 
and that the ^raws-acting genes encoding the recombinational machinery 
will be selected instead. Put another way, recombination is something im- 
posed on the recognition sites rather than something they have evolved to at- 
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tract, and recombination is thus an example of intragenomic conflict. 
Conflicts over rates of recombination have previously been discussed in the 
context of autosomal killers (see Chap. 2). 

Second, existing as-acting recombinogenic sequences are susceptible to 
being lost because mutations that are less recombinogenic have an inherent 
advantage from BGC (Boulton et al. 1997). To take a particular example, a 
14bp polyA sequence in the promoter region of ARG4 of Saccharomyces is a 
m-acting recombination enhancer, and an allele with this sequence deleted 
would have an effective selection coefficient due to BGC of about 0.008% 
(calculated from Table 2, lines 1 and 3, in Schultes and Szostak 1991, and as- 
suming 1% outcrossing). The obvious question is, What maintains this 
14bp sequence in the population? There seem to be 3 possible answers: (1) 
the advantage of recombination is sufficient to pay this cost and the dele- 
tion, should it arise, is selected out; (2) the 14bp sequence has some other 
function that maintains it in the population; or (3) the use of the sequence 
as a recognition site for recombination is recent and transient: when the ap- 
propriate mutation does arise, it will spread to fixation. If the advantage of 
crossing-over is not sufficient to pay the cost of gene conversion, the recom- 
bination machinery may continually have to evolve to recognize new se- 
quences, forcing each in turn to extinction. Perhaps this sort of dynamic 
contributes to changes in fine-scale rates of recombination (Meunier and 
Duret 2004, McVean et al. 2004). 

Recent work on a recombinational "hotspot" in the human MHC locus 
is very similar (Jeffreys and Neumann 2002). This is 1 of 6 hotspots in the 
MHC class II region that together account for essentially all meiotic recom- 
bination activity in the region. The hotspot, called DNA2, is in the non- 
coding intergenic region downstream ofHLA-DOA. In this region there are 
a number of single nucleotide polymorphisms (SNPs) segregating within 
human populations. For one of them, a G/A polymorphism, the G is as- 
sociated with a reduced frequency of initiation of recombination, with the 
result that in G/A heterozygotes, when there is a recombination event in 
the region, it is transmitted to 76% of sperm rather than the Mendelian 
50%. The frequency of recombination in the region in heterozygotes is 
3.7 X 10" 5 (it is a hotspot relative to neighboring regions of the genome), 
and so the effective selection coefficient is 0.00002. This is a small value, 
but may nonetheless have had a modest role in increasing the frequency of 
G to its current level (52% in northern Europeans; gorilla and chimpanzee 
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sequences show that G is the derived state, having arisen from A by mu- 
tation). 

Homing and Retrohoming 

The practice of repairing a broken chromosome by using the homologous 
chromosome as a template for repair has obvious advantages in helping to 
ensure that no base pairs are lost. But it is also a process that is exploited 
by 2 major classes of selfish genetic elements, homing endonuclease genes 
(HEGs, covered in this chapter) and DNA transposons (covered in the 
next). The study of HEGs began in 1970, with reports of strongly biased 
transmission ratios in a specific region of the yeast mitochondrial genome 
(Coen et al. 1970), and the logic of how they operate was worked out over 
the next 16 years (Colleaux et al. 1986). For unknown reasons, HEGs are 
disproportionately common in organelle genomes. They are also mostly 
found in eukaryotes of simpler organization— fungi, algae, and other 
protists— and this fact, as we shall see, probably has to do with the ease of 
horizontal transmission in these taxa. Sequences homologous to HEGs are 
found in the mitochondria of some plants and some sea anemones, but 
whether they act in the same way is unknown. HEGs are also found in some 
bacteria with unusual chromosomal conjugation systems (e.g., some myco- 
bacteria and archaea), and in some bacteriophages (Burt and Koufopanou 
2004). The enzymes made by HEGs fall into 3 or 4 independent protein 
families, indicating multiple origins (Gimble 2000, Chevalier and Stoddard 
2001). Each of the families is diverse, and so likely to be old, but otherwise 
nothing is known about where or when they originated. 

How HEGs Home 

HEGs are among the smallest selfish genetic elements (l-2kb) and drive by 
an elegant mechanism with 2 principal ingredients (Fig. 6.3). First, they en- 
code a sequence-specific endonuclease— in other words, an enzyme that rec- 
ognizes a specific sequence of DNA and cuts it at that site (Plate 5). The rec- 
ognition sites are relatively long (e.g., 15-30bp) and typically occur only 
once in the host genome. Second, HEGs are inserted in the middle of their 
own recognition sequence, disrupting it, and thus protecting their own 
chromosome from being cut. If the HEG is nuclear, the only time the en- 
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Figure 6.3 How HEGs home. HEGs encode a protein that in heterozygous cells recog- 
nizes a sequence on the homologous chromosome and cleaves it; the HEG is located in 
the middle of the recognition sequence, and so the chromosome carrying the HEG is 
protected from being cut. After cleavage, the cell's broken chromosome repair system is 
stimulated, and that system uses the HEG-containing chromosome as a template for re- 
pair. As a consequence, the heterozygote is converted to a homozygote. 



zyme comes into contact with an intact recognition sequence is in +/— het- 
erozygotes, where 1 chromosome contains the HEG (+) and the other does 
not (— ). In these heterozygotes, the enzyme simply cuts the empty chromo- 
some, the one with the intact recognition site. The presence of a broken 
chromosome turns on the cell's broken-chromosome repair system. As we 
have seen, this typically uses the homologous chromosome as a template to 
create a patch between the 2 ends. In the case of breaks caused by HEGs, 
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the intact chromosome that is used as a template for repair contains the 
HEG itself. Therefore, the HEG is copied across to the other chromo- 
some during the repair process, as part of the patch. In this way heterozy- 
gous +/— cells are converted into homozygous +/+ cells. This process is 
called "homing." 

For HEGs in yeast mitochondria, homing is much the same as in the nu- 
cleus because mitochondria are biparentally inherited and mitochondria 
from the 2 parents fuse in the diploid cell, allowing direct interaction of the 
2 parental mitochondrial genomes (see Chap. 5). If haploid strains with and 
without a mitochondrial HEG are crossed, the resultant diploid cell initially 
has 2 types of mitochondrial genomes. If these diploid cells are allowed 
to divide mitotically, eventually the mitochondrial variants segregate, with 
most cells carrying only the HEG + genomes and a small minority carrying 
only HEG~ genomes. 

HEGs are also found in the organelles of filamentous fungi, plants, and 
protists. Organelles in these taxa are usually transmitted by one parent only, 
in contrast to the biparental inheritance of mitochondria in yeast (see 
Chap. 5). Nevertheless, at least some of these HEGs can still home. For ex- 
ample, in Chlamydomonas algae, soon after 2 haploid cells fuse, the chloro- 
plast DNA from the mating type " — " cell is actively digested, resulting in 
the inheritance of cpDNA from only the mating type " + " cell (Nishimura 
et al. 2002). However, if the former contains a HEG not found in the latter, 
the HEG can still be transmitted to 90-100% of the progeny (while neutral 
markers that are not close to the HEG are transmitted to none; Bussieres et 
al. 1996). This suggests that homing occurs before the mating type " — " 
cpDNA is completely digested. Perhaps such HEG leakage also occurs in 
other taxa with uniparental organelle inheritance. 

HEGs Usually Associated with Self-Splicing Introns or Inteins 

Although some HEGs occur in the DNA between host genes, most occur in 
the middle of host genes, but still cause minimal disruption to the function 
of these genes because they are associated with elements that splice the 
HEG out of the host RNA (i.e., self-splicing introns), or out of the host pro- 
tein (i.e., self-splicing inteins). For example, the first HEG discovered, co, is 
contained within a self-splicing group I intron, which in turn is inserted 
within an rRNA gene of yeast mitochondria (Fig. 6.4A). The HEG and 
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Figure 6.4 Association of HEGs with self-splicing introns or inteins. A. The m element 
of yeast mitochondria consists of a HEG inserted into a self-splicing group I intron, 
which in turn is inserted in the host LSU ribosomal gene. The endonuclease recognizes 
a sequence in the host gene, and intron and HEG home as a unit. B. The VDE element 
of yeast nuclei consists of an endonuclease domain inserted into a self-splicing intein 
domain, which in turn is inserted into the host VMA1 gene. Again, the 2 domains 
home as a unit. In both cases, self-splicing preserves the function of the host gene. 
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intron function and drive as a unit, with the enzyme recognizing a sequence 
in empty rRNA genes that do not contain either HEG or intron, and both 
the HEG and intron are copied across during repair. By contrast, the only 
nuclear HEG of yeast occurs not in an intron, but in an intein (Fig. 6.4B). 
The host gene (called VMA1) is transcribed into RNA, which is translated 
into protein, and the HEG insert then splices itself out, giving rise to a func- 
tional host protein and a functional endonuclease. By associating with self- 
splicing introns or inteins, HEGs help themselves by greatly reducing the 
harm done to the host. 



HEGs and Host Mating System 

Homing can occur with relatively high efficiency. For example, with the nu- 
clear VDE endonuclease of yeast, heterozygotes segregate 4:0, 3:1, and 2:2 
with frequencies of 73%, 15%, and 12%, respectively (Gimble and Thorner 
1992), giving a transmission rate of d = 0.9, instead of the Mendelian 0.5. 
For the mitochondrial co and ENS2 HEGs of yeast, d = 0.99 and 0.85, re- 
spectively (Tacquier and Dujon 1985, Nakagawa et al. 1992). 

Despite the high levels of drive, these genes are expected to spread slowly 
through their host populations because yeasts usually inbreed. Homing oc- 
curs only in heterozygous individuals, and anything that affects the fre- 
quency of heterozygotes also affects the frequency of drive, and thus the 
rate at which a HEG spreads. The most important factor affecting the fre- 
quency of heterozygotes is the mating system and in particular the propen- 
sity to outcross versus inbreed. In an outcrossed, random mating popula- 
tion, a HEG with d = 0.99 and no effect on host fitness can increase in 
frequency from 1% to 99% of the population in 9 generations. But in a 
wholly inbred population there are no heterozygotes and the HEG does not 
increase in frequency at all. These expectations have been confirmed experi- 
mentally for VDE, which increases in frequency in outcrossed populations 
but not in inbred ones (Fig. 6.5). This dependency of population spread on 
the mating system confirms that the spread is due to drive, and not due to 
some beneficial effect on host fitness. Indeed, effects of the HEG on host 
fitness, either positive or negative, were undetectable (<1%) in the labo- 
ratory. 

As we have said, yeasts like S. cerevisiae typically inbreed. In one popula- 
tion of the close relative S. paradoxus, the frequency of heterozygotes was 
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Figure 6.5 Spread of a HEG as a function of host breeding system. Experimental popu- 
lations of yeast were initiated with a starting frequency of VDE of 20-25% and then 
propagated either by outcrossing or by inbreeding. Each line is a different replicate pop- 
ulation (n = 6 for each treatment). The ability of VDE to spread in outcrossed popula- 
tions but not inbred ones is expected for a gene that relies on drive. Adapted from 
Goddard et al. (2001). 
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only 1% of that expected under random mating (Johnson et al. 2004). Thus, 
the effective selection coefficient associated with a HEG would be only a 
hundredth of what it otherwise would have been, and it would take 100 
times as long for the gene to spread through a population (Box 6.1). 

Evolutionary Cycle of Horizontal Transmission, Degeneration, and Loss 

Strong drive combined with minimal harm to the host should lead to a 
HEG spreading through a population and going to fixation. But what then? 
Once fixed in the population, there are no more empty targets to cut and so 
no selection against mutations that destroy the enzyme's ability to recog- 
nize and cleave the target site. Moreover, if there is even a small cost to the 
host of producing a functional endonuclease (e.g., because it occasionally 
cleaves DNA at other sites), the frequency of these nonfunctional mutants 
will increase due to natural selection. How, then, can functional HEGs per- 
sist over long evolutionary timespans? 

The answer appears to be that HEGs occasionally move from one species 
to another, and the purifying selection necessary for long-term persistence 
derives from the fact that only functional elements can successfully spread 
through the recipient species. As long as, on average, a HEG in a species 
transfers to at least 1 new species before degenerating in the original species, 
it can persist over long evolutionary timespans. 

Evidence for this model comes from surveys of oj and VDE in a series of 
closely related yeast species (Goddard and Burt 1999, Koufopanou et al. 
2002). For m, out of 20 species, 3 had functional elements, 1 1 had nonfunc- 
tional elements, and 6 had no element at all. The fact that these different 
states were not clustered on the host phylogeny indicates relatively frequent 
transitions among the various states (Fig. 6.6A). Moreover, the phylogeny of 
the element is substantially different from the host phylogeny, indicating 
frequent horizontal transmission (Fig. 6.6B). These results support a cyclical 
model of a) acquisition, degeneration, and loss, followed by reacquisition, 
within the host species (Fig. 6.6C). Note that loss requires precise excision 
of the element to reconstitute the recognition sequence. Such excisions 
have been observed in the laboratory and are thought to arise by reverse 
transcription of spliced RNAs (i.e., a spliced transcript of the host gene oc- 
casionally gets reverse transcribed into DNA, which then recombines with 
the genomic copy, producing what appears as a precise deletion of the 
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BOX 6.1 

Selection Coefficient of a Driving Gene under Inbreeding 

There is a pleasingly simple expression for the effective selection 
coefficient of a driving gene in inbred host populations, derived as 
follows. Haploid cells are of 2 types, + and — , and diploids can be 
formed by the 3 possible types of fusion: +/+, +/— , and — /— . 
Diploid frequencies in one generation are x = p 1 + Fpq; y = 
2pq{\ — F); and z = q 2 + Fpq, respectively, where/ and q are the fre- 
quencies of + and — (p + q = 1), and F is Wright's inbreeding coef- 
ficient. +/— individuals produce + and — meiotic products with 
frequencies (/and (\—d), respectively. The frequencies of + and — 
haploids in the next generation will then be/>' = x + dy and q' = z 
+ (1— d)y. The frequencies in subsequent generations can be calcu- 
lated by iteration, as can the number of generations required to in- 
crease from one frequency to another. The effective selection coef- 
ficient can be calculated as: 



q' q 
cH 



■1 



1-cHp 

where H — 1 — F = y/ilpq) is the frequency of heterozygotes rela- 
tive to Hardy-Weinberg expectations and c = 2d — 1 is a measure 
of the strength of drive (c = for Mendelian inheritance). s e is 
the selection coefficient a Mendelian allele would need to have 
in a random mating population to have the same change in fre- 
quency as the driving gene. When the driving allele is rare (p~Q), 
this becomes s e = cH; when it is common (p~\), this becomes s e — 
cHI{\ - cH). 
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intron; Dujon 1989). A best estimate gives about 75 complete iterations of 
the cycle in the history of the 20 species, though confidence limits are wide 
(10 to infinity!). A similarly dynamic picture is apparent for VDE elements 
(Koufopanou et al. 2002, Posey et al. 2004). As expected, degeneration is as- 
sociated with a relaxation of purifying selection (Koufopanou and Burt 
2005). 

These results demonstrate that, on an evolutionary timescale, HEGs reg- 
ularly transfer between species. If, as we are suggesting, this has been neces- 
sary for their long-term persistence, HEGs that are better able to transfer 
successfully should persist for longer than those that are less able. As a con- 
sequence, they should show adaptation for horizontal transmission. A pre- 
requisite for successful transfer is that the recognition site exists in the recip- 
ient species, for only then can the HEG drive through the population. 
Thus, we expect there to have been selection against HEGs with poorly 
conserved recognition sequences, and extant HEGs, which have persisted, 
should have unusually well conserved recognition sequences. The very fact 
that most HEGs target a host gene rather than an intergenic region is consis- 
tent with this idea, as genes are usually better conserved than intergenic re- 
gions. For VDE there are 3 additional lines of evidence (Fig. 6.7). First, the 
specific host gene targeted is unusually well conserved compared to random 
genes. Second, the 31bp recognition site is in an unusually well conserved 
region of the host gene. Third, not all 31bp are equally important for recog- 
nition, and the 9 most important (as identified by site-directed mutagenesis) 
are better conserved than the rest. These important sites are all nonsynony- 
mous positions, at which changes in the DNA change the amino acid. That 
is, VDE has apparently evolved to "pay attention" to the conserved non- 
synonymous positions and ignore the more variable silent sites. These vari- 
ous features appear to indicate adaptation by VDE for horizontal trans- 
mission and thus are evidence that successful horizontal transmission is 
necessary for HEG persistence. 



Figure 6.6 Evolutionary history of m in yeasts. A. Phylogenetic distribution of different 
forms of to. Numbers on branches are bootstrap support values. The intermingling of 
the different states on the phylogenetic tree indicates repeated evolutionary change. B. 
The phylogeny of to and its host are significantly different, indicating horizontal trans- 
mission. C. Cyclical model of to gain, degeneration, and loss within host lineages. 
Adapted from Goddard and Burt (1999). 
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Figure 6.7 Conservation of the VDE homing site. A. Frequency distribution of amino 
acid divergence between Saccharomyces cerevisiae and Candida albicans for 20 random 
genes. Arrow indicates divergence of VMAl (the host gene for VDE). B. Sliding win- 
dow analysis of nucleotide diversity in VMAl from 6 ascomycete fungi. The position 
of the VDE recognition sequence is indicated. C. The VDE recognition sequence. Stars 
mark nucleotide sites critical for effective homing (as found by site-directed mutagene- 
sis) and those variable among the 24 species of yeast. Arrow indicates VDE insertion 
site. VDE recognizes nonvariable nucleotide sites in a highly conserved region of a well- 
conserved gene. Adapted from Koufopanou et al. (2002). 
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These results raise the question of how HEGs that target intergenic re- 
gions can persist over evolutionary time, given that these regions are usually 
far less well conserved than are genes. The best-studied such HEG of yeast 
is ENS2 (Nakagawa et al. 1991, 1992, Mizumura et al. 1999, 2002). The cor- 
responding endonuclease is unusual in being a heterodimer between the 
product of this gene and a nuclear-encoded heat shock protein (HSP70). 
The latter normally functions for host benefit, as a chaperone for proteins 
that need to be transported into the mitochondria. Interestingly, the effect 
of dimerizing with HSP70 is to greatly reduce the specificity of the core 
endonuclease, with the result that it cuts at more than 30 locations in the 
mitochondrial genome, rather than just once. Perhaps the association with 
HSP70 evolved to expand the diversity of sequences that can be recognized 
and cut, and this allows it to persist in a less well conserved part of the ge- 
nome. A side-effect is an increase in the rate of recombination throughout 
the mitochondrial genome. This HEG is also unusual in that the target rec- 
ognition site needed for homing is to one side ofENS2, not interrupted by 
it, and the gene spreads because it is closely linked to a less susceptible site. 
This is reminiscent of the linkage between driver and responder loci in mei- 
otic drive (see Chap. 2). 

A requirement for regular horizontal transmission may also explain why 
HEGs are mostly found in simpler organisms (fungi, algae, and so on) 
in which access to the germline is easier. In yeasts, possible mechanisms 
of horizontal transmission include interspecific hybridization, vectoring 
by predacious yeasts, and uptake of naked DNA from the environment 
(Koufopanou et al. 2002). Horizontal transmission has also been observed 
for a mitochondrial HEG in plants (Cho et al. 1998), as it has for other 
plant mitochondrial genes (Bergthorsson et al. 2003), but it is not known 
how this happens. This HEG appears to have recently invaded plants, rather 
than stably cycling among them. 

Finally, the problem of weak or nonexistent purifying selection may be 
even more acute for HEGs that target nuclear rRNA genes. These host 
genes typically occur in tandem arrays of tens or hundreds of copies, and so 
it is possible for functional, nonfunctional, and empty alleles all to occur in 
the same cell. Thus a functional HEG might cause an empty rRNA gene to 
be cut, and the latter repaired using a nonfunctional allele as template. That 
is, nonfunctional elements could parasitize the functional elements, making 
it more difficult for functional HEGs to persist. Such parasitism may ac- 
count for the great preponderance of HEG-less group I introns compared 

209 



GENES IN CONFLICT 



to those containing HEGs in nuclear rDNA (a ratio of about 60:1; Haugen 
et al. 2004). 

HEG Domestication and Mating-Type Switching in Yeast 

Haploid yeast cells are 1 of 2 mating types, a or a, and only cells of opposite 
mating type can fuse to form a diploid cell. Mating type is genetically deter- 
mined: cells have either an a allele or an a allele at the appropriate locus. 
But although genetically determined, mating type is also plastic: when di- 
viding mitotically, a cells regularly give rise to a cells, and vice versa, be- 
cause yeast has a sophisticated mechanism for switching mating types. In 
addition to the a or a allele at the active mating-type locus, they also have 
silent copies of both genes elsewhere on the same chromosome, and they 
regularly replace the active allele with a copy of the other allele. The process 
of gene replacement begins with an enzyme cleaving the DNA at the active 
mating-type locus; the break is then repaired using the appropriate silent 
gene as a template, a copy of which is inserted into the active site as a result. 
This mechanism has obvious similarities to homing, and the enzyme re- 
sponsible for making the initial cut, HO, is clearly derived from VDE (Fig. 
6.8). It is a domesticated HEG, which no longer drives but works for the 
benefit of the host. 

It is interesting to speculate what exactly that benefit may be. The most 
obvious result of mating-type switching is that it allows mating between mi- 
totic clonemates that otherwise would have the same mating type— that is, it 
allows an extreme form of selfing. One possible advantage for a yeast cell of 
mating with a close relative is that it is then less likely to acquire a new array 
of selfish genes— for example, selfish plasmids (Box 6.2) or RNA viruses 
(Wickner 1996). Certainly one consequence of inbreeding is to reduce the 
spread of selfish genetic elements. As we shall see in Chapter 7, yeast are 
missing 2 widespread classes of transposable elements, and perhaps this is 
because they are so highly inbred. Thus the domestication of 1 selfish ge- 
netic element may have made it more difficult for others to spread, and this 
effect may even have been the reason for its domestication. 

Group II Introns 

Group II introns are in many ways similar to HEGs. They are optional 
genetic elements in the organelles of relatively simple eukaryotes 
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Figure 6.8 Domestication of a selfish gene. VDE is a HEG of yeasts and HO is a host 
gene that encodes a sequence-specific endonuclease involved in mating-type switching. 
The 2 genes are homologous, and phylogenetic analysis shows that the HO sequences 
form a clade (with 99% bootstrap support) that is nested within the VDE sequences 
(91% support), indicating that HO genes arose once from a VDE ancestor. Note also 
that the branch leading to the HO clade is the longest internal branch, as expected if do- 
mestication was associated with an increase in the rate of protein evolution. VDEs in 
gray are defective and have slightly longer terminal branches than the functional VDEs 
(black), consistent with a relaxation of purifying selection. Adapted from Koufopanou 
and Burt (2005). 
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BOX 6.2 

2/um Plasmid of Yeast 

Many strains of the yeast Saccharomyces cerevisiae carry a 6.3kb circu- 
lar plasmid in their nucleus that, unlike many bacterial plasmids, 
appears to be wholly parasitic, contributing nothing to the host 
(Broach and Volkert 1991). It encodes 4 proteins, all of which are 
involved in plasmid maintenance, and it imposes a demonstra- 
ble cost on the cell, lengthening the generation time by 1.5-3% 
(Futcher and Cox 1983, Mead et al. 1986). Typically, there are 60- 
100 copies per haploid cell, for a total of about 4% of nuclear 
DNA. Plasmid-bearing cells give rise to plasmid-free cells with a fre- 
quency of 10~ 4 to 10~ 5 per cell generation; and in asexual or wholly 
inbred populations, the plasmid-free cells would be expected to 
take over. However, the plasmid is maintained in populations be- 
cause of drive: if a carrier and a noncarrier mate, essentially all the 
subsequent meiotic products will carry the plasmid. Laboratory ex- 
periments have shown, as expected, that the plasmid can spread in 
outcrossed populations, but not inbred ones (Futcher et al. 1988). 

The 2fim plasmid drives because it can replicate more than once 
per cell cycle, and so can accumulate within cells. Even if a cell is 
transformed with only a single copy of the plasmid, the plasmid 
will amplify until the normal copy number is attained. The mecha- 
nism by which it does this is ingenious. Normally, a small circular 
DNA molecule replicates by having a single origin of replication, 
from which replication forks proceed in both directions until they 
meet at the other side, and the plasmid is replicated once. However, 
the 2/<m plasmid has a pair of inverted repeats of about 600bp on 
opposite sides of the plasmid, one of which is very close to the ori- 
gin of replication. The plasmid also encodes a protein (FLP1) that 
causes the inverted repeats to recombine. Now, if this protein is ac- 
tive during plasmid replication and causes recombination between 
a replicated repeat and an unreplicated repeat, instead of traveling 
in opposite directions, the replication forks would be traveling in 
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parallel, chasing each other around the plasmid. This would copy 
the plasmid many times in a single cell cycle. Subsequent recombi- 
nations would reorient the replication forks, allowing replication to 
terminate, and would resolve multimeric plasmids into monomers. 
In this way the plasmid could increase in copy number relative to 
host DNA, even if its origin of replication fired only once per cell 
cycle. 

The most puzzling aspect of the 2fim plasmid is how rare it ap- 
pears to be. Structurally similar plasmids have been found in Kluy- 
veromyces and Zygosaccharomyces yeasts, but apparently they have 
yet to be found in other fungi, or in any plant or animal. We do not 
know why this should be. The fact that it is nuclear should mean 
that even extreme anisogamy should not be a problem for its bi- 
parental inheritance. Moreover, the key gene, FLP1, is fully func- 
tional when introduced into mammals, insects, and plants (Jayaram 
et al. 2002). The very high selfing rate of baker's yeast may be rele- 
vant here, both in preventing the accumulation of nonautonomous 
defective plasmids and in preventing the plasmid from evolving 
ever greater copy number, and thus virulence. 

The top figure shows the structure of the 2 1 am plasmid. Also 
shown are the steps in overreplication. A bidirectional replication 
event (b) is converted by FLP-mediated recombination into 2 uni- 
directional replication forks (c), leading to plasmid amplification 
(d, e). A second recombination event (f) terminates amplification 
(g). Products h and i are multimeric and monomeric plasmids, re- 
spectively, and resolution of h yields plasmid monomers (j, k, etc.). 
Adapted from Broach and Volkert (1991). 



that have no known host function and that contrive to copy themselves 
from intron + chromosomes to intron~ chromosomes. The means by which 
they accomplish this, though, is completely different from that used by 
HEGs. 

Three introns have been well studied {all and all of yeast and Ll.LtrB of 
the bacterium Lactococcus lactis), and the precise details of how they get cop- 
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ied from intron + to introrr chromosomes vary among them (Fig. 6.9). In 
the simplest pathway, the introns encode a multifunctional protein that 
helps in splicing the intron out of the RNA transcript of the intron + host 
gene (i.e., it acts as a "maturase"). The intron and protein remain associated, 
and together they recognize intron" copies of the host gene and reverse 
splice the intron into the sense strand of DNA. The protein then nicks the 
antisense strand and reverse transcribes the intron into DNA. Final ligation 
of the intron DNA to the flanking host gene is done by host repair mecha- 
nisms. 

As for HEGs, the recognition sequences used by group II introns are long 
(e.g., 30-35bp) and not all positions within these sequences are equally im- 
portant (Belfort et al. 2002). Both the intron and the protein are involved in 
recognizing the target site, with the former based on RNA-DNA base pair- 
ing. The fact that recognition depends in part on RNA-DNA base pairing 
means that it is relatively easy to engineer group II introns with novel recog- 
nition sequences (Guo et al. 2000). 
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Figure 6.9 Retrohoming of group II introns. Shown here are two variants of the 
retrohoming pathway. First the intron and associated protein cleave the target DNA 
and the intron is reverse spliced into 1 strand. It is then reverse transcribed into cDNA 
using the opposite strand as a primer (target primed reverse transcription). The simplest 
pathway (left) is then for the RNA to be displaced or degraded, and then the second 
DNA strand is synthesized and loose ends are ligated to the target DNA. Alternatively 
(right), the cDNA may recombine with the donor before second strand synthesis, lead- 
ing to transfer from donor to recipient chromosomes of sequences flanking the intron 
(marked by stippled DNA in the product). Adapted from Belfort et al. (2002). 
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For the yeast elements, this "retrohoming" pathway— so named because it 
involves reverse transcription of RNA into DNA— can be complemented by 
purely DNA-based homing: the intron and protein can together cause a 
double-strand break in the target site that is repaired using the intron + gene 
as a template. In 2 different crosses, this alternative DNA-based pathway ac- 
counted for 10-40% of homing events (Eskes et al. 1997). 

As with HEGs, once a retrohoming group II element goes to fixation, 
one might expect it to slowly degenerate, particularly in the reverse splicing, 
nicking, and reverse transcription activities, as there would be no target left 
to attack. Movement, either to a new site in the genome (transposition) or to 
a new gene pool (horizontal transmission) would then be required for long- 
term persistence. Transposition to a new location has been observed in the 
lab for both yeast and bacterial elements (Mueller et al. 1993, Sellem et al. 
1993, Cousineau et al. 2000), though the frequency with which this occurs 
successfully in nature is not known. Phylogenetic information that might 
reveal evidence of transposition, horizontal transmission, degeneration, or 
loss is scarce. For algae, a survey of a particular site in the coxl gene of 19 
species (including haptophytes, diatoms, yellow-green algae, and brown al- 
gae) showed that 2 species had an intron with an ORF, and 17 species had 
no intron (Ehara et al. 2000). Both species are thought to have recently ac- 
quired the intron by horizontal transmission from separate unknown 
sources, though the sampling is still sufficiently sparse that other interpreta- 
tions are possible. Interestingly, for the diatom species (Thalassiosira norden- 
skioeldii), individuals collected from the Arctic and Atlantic Oceans had 
substantially different ORFs, suggesting multiple independent acquisitions 
by a single species. One of the ORFs had a frameshift mutation that would 
make it nonfunctional. 

Other group II introns are degenerate and show long-term persistence 
without movement. In higher plants, introns in the chloroplast trnK gene 
and mitochondrial nadl gene encode proteins (matK and matR, respec- 
tively) that function as maturases, splicing the intron out of the host gene 
transcript, but they are missing key domains that are important in reverse 
transcriptase activity and are thought to be incapable of retrohoming 
(Zimmerly et al. 2001). Nevertheless, each is widespread in higher plants 
and appears to have been maintained for long evolutionary timespans 
purely by vertical inheritance. Presumably, they have taken on some role 
beneficial to the hosts (e.g., trans-splicing of other introns in each organ- 
elle?). 
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It might seem surprising that group II introns are also found in bacteria, 
given the requirement for some sort of biparental inheritance to show a 
transmission advantage. In this respect, it is most interesting that they ap- 
pear to be associated with the most sexual parts of the bacterial genome, the 
plasmids and insertion sequences. Fully 18 of 20 bacterial group II introns 
found in the databases by Zimmerly et al. (2001) were found in such mobile 
DNA. By contrast, group II introns of eukaryotic organelles tend to be 
found in housekeeping genes. 

The evolutionary origins of retrohoming group II introns are a matter of 
speculation (Curcio and Belfort 1996). A genetic element with so many 
components (RNA plus multifunctional protein with domains for splicing 
and reverse splicing, DNA nicking, and reverse transcription) presumably 
arose by fusion, but of what? Some speculate that they are holdovers from a 
previous "RNA" world. Subsequently, they are thought to have given rise to 
both LINE-like transposable elements (see Chap. 7) and to the conven- 
tional spliceosomal introns found in the nucleus of most eukaryotes. 

Artificial HEGs As Tools for Population Genetic Engineering 

One of the many pleasures of working on selfish genetic elements is the pos- 
sibility that they may one day be used to ameliorate human suffering. There 
are a small number of species that cause substantial harm to the human con- 
dition—species that cause disease, transmit disease, or reduce agricultural 
output— and there has long been the hope that selfish genetic elements 
could be used to reduce population numbers or otherwise render these spe- 
cies less noxious. In the 1970s the killer Y chromosome oiAedes mosquitoes 
came close to being used as part of a control program in India (Curtis et al. 
1976). HEGs and group II introns are among the simplest of selfish genetic 
elements and, despite their relatively recent discovery, among the best un- 
derstood in terms of molecular mechanisms. Molecular biologists are al- 
ready using HEGs and the enzymes they encode as reagents in the labora- 
tory for mapping genes and for engineering organisms (Belfort et al. 2002). 
Moreover, there is much work on how one might artificially engineer a 
HEG to recognize and cut any specified DNA sequence (e.g., Bibikova et al. 
2001, Chevalier et al. 2002, Seligman et al. 2002); for group II introns, this 
problem has already largely been solved (Guo et al. 2000). Such retargeted 
selfish genes may be useful in genetic engineering, functional genomics, 
and gene therapy. In this section we explore the possible uses of such de- 
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signer selfish genes for population control and population genetic engineer- 
ing (Burt 2003). We phrase the discussion in terms of HEGs, but many of 
the comments apply equally to group II introns if they can be engineered to 
target nuclear genes. In Chapter 7 we meet another class of site-specific 
selfish genes (see Box 7.1), and these may also prove useful. We shall begin 
with strategies for reducing the size of a pest population. 

The Basic Construct 

Consider an artificial HEG with the following properties (Fig. 6.10): (1) It is 
engineered to recognize and cut a sequence in the middle of an essential 
gene, and the HEG is inserted into the middle of its own recognition se- 
quence, simultaneously disrupting the gene and protecting the chromo- 
some from being cut. There would be no self-splicing introns or inteins, and 
so the insertion of the HEG would disrupt the host gene. (2) The target gene 
is chosen such that the knockout mutation has little phenotypic effect in 
the heterozygous state but is severely deleterious when homozygous (i.e., 
the knockout is recessive). (3) Finally, the HEG is under the control of a 
meiosis-specific promoter, so heterozygous zygotes develop normally but 
transmit the HEG to a disproportionate fraction of their gametes. This last 
condition can be relaxed, depending on when the target gene is expressed. If 
the target gene is expressed only in larvae or in somatic tissues, the promoter 
can be adult-specific or germline-specific. 

If such a construct is introduced at low frequency into a population, it 
will initially appear mostly in the heterozygous state, and so it will show 
drive but few harmful effects. It will therefore increase in frequency, until 
reaching some equilibrium at which the harmful effects balance the drive. If 
we assume the population is large and mates at random, the knockout is a 
recessive lethal, and drive occurs equally in males and females, the equilib- 
rium frequency of the HEG (q) can be shown to be q = c, where c is the 
probability that the HEG~ allele in a heterozygote is converted to a HEG + 
allele (c = for Mendelian inheritance). The load imposed on the popula- 
tion (i.e., the fraction of the reproductive effort that is rendered unproduc- 
tive) is then equal to the frequency of homozygotes, L = q z , and the mean 
fitness of the population is 1 minus this, or 1— c 2 . As we have seen, some 
HEGs of yeasts can show extreme drive, with c = 0.99 (Tacquier and Dujon 
1985, Wenzlau et al. 1989). If one considers, conservatively, an engineered 
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Figure 6.10 A construct for biological control. A HEG is engineered to recognize a se- 
quence in an essential gene for which the knockout phenotype is recessive. The HEG is 
inserted into the middle of its own recognition sequence, disrupting the host gene but 
protecting the chromosome from being cut. The HEG is also put under the control of a 
promoter chosen so that heterozygotes develop normally but transmit the HEG to a 
disproportionate fraction of the progeny. Such a construct will spread through a popu- 
lation and impose a genetic load. Adapted from Burt (2003). 



HEG with c = 0.9 (we make this same assumption in all numerical exam- 
ples in this section), the equilibrium mean fitness of the population is 0.19. 
That is, four-fifths of zygotes produced are killed by the HEG. Moreover, 
this load arises relatively quickly. If the HEG is introduced into 1% of the 
population, it will take only 12 generations for the load to equal 90% of its 
equilibrium value (Fig. 6.1 1). If one can manage to release only an initial fre- 
quency of 0.01%, it will take 19 generations. 

A key feature of this construct is that it is evolutionarily stable, in the 
sense that the mutant forms most likely to arise as the construct spreads 
through a population will be selected against and lost. Mutant HEGs that 
lose the ability to recognize or cut the target DNA, or that are active in so- 
matic as well as germline tissues, or that show less sequence specificity, will 
all be selected against and disappear from the population with little effect. A 
further attractive feature is that the manipulation is fully reversible. If we 
target a gene that, when knocked out, is strongly deleterious, there will be 
strong selection in favor of resistant alleles— sequences that are functional 
but are not recognized and cut by the HEG. One could engineer resistant 
alleles by, for example, using the degenerate property of the genetic code to 
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Figure 6.11 Spread of an engineered HEG and resulting decline in mean fitness of the 
population. Calculations assume an initial release frequency of 1%; the target gene is a 
recessive lethal; in heterozygotes the HEG~ allele has a probability off = 0.9 of being 
converted to HEG + ; and the population is random mating. Note that equilibrium is 
reached in fewer than 20 generations. Adapted from Burt (2003). 



create a DNA sequence that coded for the same amino acid sequence but 
differed in nucleotide sequence from the target. Releasing such resistant al- 
leles could be used to effectively "recall" a HEG, as the resistant allele 
would spread through the population, driving the HEG extinct (Fig. 6.12). 

Increasing the Load 

For many pest species, killing four-fifths of the zygotes may have little effect 
on the population dynamics, merely relaxing density-dependent pressures 
on survival and reproduction. It is therefore worthwhile investigating how 
we could increase the load further. First, we might be able to increase the 
rate of drive. If one could engineer a highly effective HEG with c = 0.999, 
targeting a single recessive lethal gene would give an equilibrium mean 
fitness of 0.002 (i.e., 99.8% of reproductive output would be wasted and 
only 0.2% would be viable), probably sufficient to eradicate most pest pop- 
ulations. However, such high levels of drive may not be achievable. 

Second, we could choose other genes as targets. For many species, killing 
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Figure 6.12 Recalling an engineered HEG. A resistant allele is introduced at 1% in gen- 
eration 40; all other parameters are as in Fig. 6.11. Note the rapid decline in the fre- 
quency of the HEG and the recovery of population mean fitness. Adapted from Burt 
(2003). 



males is worse than useless, because it reduces the frequency of the HEG 
but does little to reduce population growth rates or equilibrium density, 
these being largely determined by female productivity. One way to avoid 
the waste of killing males would be to target a gene that, when knocked out, 
kills only females. For the drive assumed here (c = 0.9), targeting such a 
gene would give an equilibrium mean fitness of 0.055, a 3-fold reduction 
compared to targeting a recessive lethal. Knockouts that cause females to be 
sterile would be equally effective. Indeed, knockouts causing male sterility 
would also have the same effect, if they had no effect on the male's fertiliza- 
tion success (e.g., eggs were fertilized but development was then aborted). 

Finally, we could target many loci simultaneously. In the simplest case, in 
which the drive and phenotypic effects at 1 locus are independent of geno- 
type at the other locus, the equilibrium mean fitness is the product of the 
fitnesses of the 2 loci separately. If we engineered HEGs to target n different 
loci essential for female fertility and c = 0.9 at each, mean fitness would be 
0.055°. If we targeted 5 loci, mean fitness would be 5 X 10~ 7 , enough to 
drive any population extinct. In Drosophila melanogaster, at least, there are 
thought to be some 3000 essential genes and more than 100 required for fer- 
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tility (Ashburner 1989, Miklos and Rubin 1996, Ashburner et al. 1999). 
Most prospective target species are likely to have an abundance of suitable 
target loci. 

Preventing Natural Resistance and Horizontal Transmission 

The simulation shown in Figure 6.12 demonstrates that, if a functional host 
gene exists that is resistant to the HEG, it will increase rapidly in frequency 
and drive the HEG extinct. Care must therefore be taken to minimize the 
likelihood that such sequences exist, or arise before the population is eradi- 
cated. For example, mutagenesis experiments and structural studies could 
be used to choose target genes, and sites within genes, that are unlikely to be 
able to change (at the amino acid level) without seriously compromising 
function. And we would want to target sequences that are not too variable. 

"Combination therapy"— the use of multiple drugs simultaneously— slows 
the evolution of resistance in human pathogens (White et al. 1999, Palumbi 
2001), and the same approach can be used with engineered HEGs, virtually 
without limit. First, we could release, say, 10 different HEGs, attacking 10 
different sites along the length of a single gene. The more HEGs that are re- 
leased, the lower the likelihood that resistant sequences will exist for all of 
them and, even if they do exist, the longer it will take for a multiply resistant 
sequence to be stitched together by recombination. The genetic load im- 
posed in the meantime could be enough to drive the population extinct. 
The second form of combination therapy would be to target multiple loci 
simultaneously. Even if resistance could evolve at each locus separately, by 
combined attack the genetic load could be sufficient to drive the population 
extinct. 

Probably the most serious challenge to this program comes from the pos- 
sible suppression of drive by the larger genome. If a mutation is present or 
arises in the host that reduces or eliminates homing activity, but is otherwise 
neutral, it will spread rapidly. Of critical importance to a possible counterat- 
tack is whether the resistance is specific to a particular HEG or whether it 
protects against all HEGs. If resistance is specific, one may be able to 
swamp the population with multiple HEGs; but if resistance is general, al- 
ternative approaches will need to be explored. Depending on the nature of 
resistance, possibilities include targeting the resistance alleles directly, tar- 
geting genes to increase the cost of resistance, or (if resistance already has a 
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cost) targeting a series of nonessential genes whose knockouts are less costly 
than is resistance. One possibility is that introduced HEGs spread in a pop- 
ulation until they encounter 1 or more genes in the host that suppress drive. 
Then decimated areas may be recolonized by these newly emerging resistant 
genotypes, with coevolutionary responses in nature requiring a continuing 
series of responses in the lab. Certainly it would be essential to study resis- 
tance in the laboratory (using as large and diverse populations as possible) 
before releasing HEGs out of doors. 

Another issue worth thinking about beforehand is how to reduce the like- 
lihood of horizontal transmission from one species to another. As we have 
seen, this occurs for HEGs in yeasts and in plant mitochondria, and proba- 
bly in other taxa too. Nevertheless, these results should not be exaggerated: 
evidence that horizontal transmission occurs regularly on an evolutionary 
timescale of millions of years does not mean it is a substantial risk during a 
10-year population control program. For horizontal transmission to occur, 
the DNA containing the HEG would somehow have to get into a germline 
nucleus of another species and be sufficiently intact to be transcribed and 
then used as a template for repair. This is unlikely to occur in many prospec- 
tive target species and, indeed, may be the main reason why HEGs ap- 
pear to be absent from animals with segregated germlines. One way to re- 
duce further the probability of horizontal transfer is to engineer the HEG 
not to recognize the homologous sequence in related species. As we saw in 
yeasts, this seems likely to be an effective way to limit horizontal transfer 
(Koufopanou et al. 2002). In addition, we could target a region with low 
overall nucleotide similarity among species, to reduce the likelihood of ho- 
mologous recombination. 

Population Genetic Engineering 

So far we have focused on how to impose a genetic load sufficient to control 
or eradicate a population. More subtle approaches may often be desirable. 
In particular, we may not want to eradicate a population but rather to genet- 
ically transform it such that it is less noxious. That is, we might want to do 
population genetic engineering. In conventional lab-based genetic engineer- 
ing of individual organisms, there are 3 basic types of manipulation: remov- 
ing a gene, replacing a gene, and introducing a novel gene. In principle, arti- 
ficial HEGs could be used for population-wide equivalents of all 3. For 
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purposes of illustration, we consider the example of engineering a mosquito 
population so it can no longer transmit malaria. 

Gene knockouts. Suppose, for example, there is a gene in mosquitoes that 
is not essential for it to live and reproduce but is essential for it to transmit 
malaria. We could design a HEG against it, and if the knockout was not oth- 
erwise too harmful, the HEG would spread to fixation with little or no ef- 
fect on mosquito numbers. Many genes could be knocked out in this way. 

Gene replacements. Suppose that there is a gene essential to the mosquito 
that can be changed in a way that is lethal to the malarial parasite but has 
minimal effect on the mosquito. We could engineer a HEG that attacked 
the unwanted sequence but not the desired one, and then release individu- 
als carrying the HEG and the desired resistant allele. As shown in Figure 
6.13, the resistant allele would come to predominate relatively quickly after 
introduction, with only a relatively small and temporary reduction in mean 
fitness. 

Gene knockins. Finally, suppose we have discovered or designed a new 
gene that, when introduced into a mosquito, would render it unable to 
transmit malaria. Promising candidates for such a gene have already been 
described (Ito et al. 2002). We may then wish to drive this gene into a popu- 
lation. To achieve this, the novel gene could be linked to a HEG targeting a 
neutral region of the genome and the whole construct inserted into the rec- 
ognition site. As the HEG spread through the population, it would bring 
the novel gene with it. Other strategies are also possible. For example, a 
HEG could be engineered to target an essential gene. As it spread, it would 
select for a resistant gene. We could then introduce a resistant allele with the 
novel gene linked to it, possibly using an inversion. This strategy would 
greatly expand the size of the gene we could introduce and even allow mul- 
tiple, linked genes to be introduced simultaneously. This strategy would 
also reduce the rate at which nonfunctional mutant genes arise, if DNA rep- 
lication associated with cell division has a lower error rate than that associ- 
ated with DNA repair and gene conversion. 

Regardless of how exactly the novel gene is driven into the population, a 
key limitation of this approach is that, if it is harmful, the construct will not 
be evolutionarily stable. Mutant constructs in which the novel gene is de- 
leted or otherwise defective will be selected, because they cause less harm to 
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Figure 6.13 Population-wide gene replacement. The HEG and the resistant allele are 
introduced simultaneously at a l°/o frequency; all other parameters are as in Fig. 6.1 1. 
Note the rapid spread of the resistant allele with only a transient decline in mean fitness 
of the population. Adapted from Burt (2003). 



the host but still have the transmission advantage. But if the novel gene is 
not too harmful, and the mutation rate not too high, it can persist for a con- 
siderable length of time before going extinct. Suppose, for example, the re- 
sistant allele in Figure 6.13 has linked to it a novel gene that is fully domi- 
nant, reduces fitness by 10%, and mutates to a nonfunctional form with a 
frequency of 10~ 6 . This novel gene would reach a frequency above 50% 
within 15 generations and above 95% within 40 generations, and it would 
remain above 95% for about 4000 generations. Full dominance is critical 
here, for then heterozygous mutants have no selective advantage. Intro- 
ducing multiple copies of the gene, linked to 1 or more resistant alleles, 
should also help to reduce selection in favor of nonfunctional mutants and 
prolong the population transformation. 

Some authors have suggested using transposable elements or cytoplasmic 
incompatibility agents as vectors to drive novel genes through a population 
(Ribeiro and Kidwell 1994, Turelli and Hoffmann 1999), but the use of 
HEGs is likely to have a number of advantages. Constructs using trans- 
posable elements are expected to be less stable, due to high mutation rates 
during transposition, and they give little control over genomic location and 
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copy number. Constructs using cytoplasmic incompatibility agents are ex- 
pected to spread more slowly, require larger introduction frequencies, and 
do not allow the gene to be in the nucleus. Both alternatives are probably 
more likely to transfer the novel gene to another species than is a HEG con- 
struct, because at no time is the latter separate from the host chromosome. 
Introducing the novel gene linked to a resistance locus should be even safer. 
Finally, population-wide transformations using a HEG should be fully re- 
versible, by releasing a HEG engineered to target the novel gene. 

Other Uses 

Two other potential uses for engineered HEGs are worth mentioning. First, 
it has long been recognized that if a Y chromosome were to show drive and 
spread to fixation in a population, the sex ratio would become male biased. 
If the drive was extreme, the population could be driven extinct for want 
of females (Hickey and Craig 1966a, Hamilton 1967; see Chap. 3). Lyttle 
(1977) engineered such a driving Y chromosome in D. melanogaster 'by creat- 
ing translocations between the Y and a driving SD chromosome 2 and 
found it could rapidly drive laboratory populations extinct (Lyttle 1977). 
And in Aedes and Culex mosquitoes there are Y chromosomes that cause the 
X chromosome to break during the first meiotic division and thereby show 
drive (see Chap. 3). These naturally occurring Ys suggest the following strat- 
egy: insert onto a Y chromosome 1 or more endonuclease genes that recog- 
nize and cut sequences specific to the X chromosome, and put the endo- 
nuclease genes under the control of premeiotic-specific promoters. Then, 
during spermatogenesis, the X chromosome would be cut and, as there 
would not be an appropriate template for repair, the Y chromosome would 
show drive. It would spread through the population and, if the drive was 
sufficiently extreme, the population could be eradicated. Such an approach 
would not rely on recombinational repair or homing. In some species the 
sex chromosomes are inactivated prior to meiosis, which could complicate 
the design of the construct; but this is not so in all species, including many 
dipterans (see Chap. 3). 

Second, all the manipulations discussed so far are "inoculative," in that 
the release of relatively few engineered individuals will drive the manipula- 
tion. Often this will be an advantage, but not always. If one wanted to eradi- 
cate only one population, for example, and leave others in the species range 
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undisturbed, inoculative methods may not be appropriate. "Inundative" 
strategies such as the release of sterile males (Knipling 1979) are inherently 
self-limiting, and so more appropriate for such population-specific target- 
ing. Engineered HEGs could be used in an inundative strategy if they were 
to cause dominant female lethality or sterility. Knockouts causing dominant 
female-specific effects are rare; but if the HEG was engineered to be active 
in all tissues, then even if a zygote started heterozygous, the organism 
would be converted to a homozygote. Thus, we could still target a recessive 
female-specific locus. Females inheriting the HEG would be dead or sterile, 
and males would pass on the HEG to the next generation. As long as the 
HEG was not perfectly efficient (c<l), it would slowly disappear from the 
population but could cause a substantial load before doing so. Thus, simply 
by changing the promoter, the threat of rare emigrants to neighboring pop- 
ulations could be avoided. The use of such engineered HEGs would be 
more efficient than the release of sterile males, allowing either fewer individ- 
uals to be released or larger populations to be targeted (Thomas et al. 2000). 
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TRANSPOSABLE ELEMENTS ARE, at the same time, the most widespread selfish 
element, the best studied, the most complex to master, and the element 
showing the most unusual form of drive. The last of these is the key. While 
other elements compete for representation at a given locus, transposable el- 
ements accumulate by copying themselves to new locations in the genome. 
As a consequence, there may be tens or hundreds of active copies of a single 
transposable element dotted around the genome of a single individual, and 
different individuals may have their insertions in different places in the ge- 
nome. This abundance and variety come despite the fact that transposition 
rates per element are low relative to the activity of other selfish genes (jump- 
ing every fourth generation is a very high rate, and more commonly it oc- 
curs every hundred, or thousand, or more generations). 

Being small and adapted to integrating themselves into novel places in 
the genome, transposable elements are also capable of moving between spe- 
cies. Because of this expansive form of drive— both within and between spe- 
cies— transposable elements appear to have colonized all eukaryotic species. 
They have radiated into a bewildering array of subtypes, a veritable zoo of 
elements, with many different strategies and substrategies of drive, and new 
ones described almost daily. Most species have multiple different types or 
families of transposable elements, each present in multiple copies per ge- 
nome. 
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Due to their abundance, transposable elements are almost guaranteed to 
have profound effects on their hosts. About half of our own genome is de- 
rived from transposable elements. And, in addition to transposition itself, 
these elements can cause a bewildering array of chromosomal rearrange- 
ments. As with other types of mutations, some fraction of these insertions 
and rearrangements will be beneficial to the host and positively selected. 
Transposable elements may thus be important sources of mutation that 
would not occur by other means. And transposable elements can also be 
domesticated (rarely) by the host— as we shall see, just such an event was crit- 
ical to the evolution of the vertebrate immune system. These beneficial ef- 
fects notwithstanding, transposable elements are still best considered as par- 
asites, not as host adaptations or mutualists. 

Transposable elements were first discovered by Barbara McClintock, in 
1952. The key observation was that the linkage arrangement of some genes 
in maize could change from one generation to the next. For decades they 
were little studied, but with the advent of molecular biology an enormous 
amount of work has been done on them. This is partly because they are so 
widespread, present in all the model genetic organisms (including 
prokaryotes) and humans. Moreover, since 1982 they have been used as 
tools for genetic engineering, first in Drosophila and now in a growing num- 
ber of other insects. In addition, some transposable elements are closely re- 
lated to retroviruses, including HIV, the cause of AIDS. A recent and valu- 
able collection of review chapters on "mobile DNA," much of it on 
transposable elements, runs to 50 chapters, more than 1150 pages of text 
and thousands of references (Craig et al. 2002). 

It is not possible here to review or even tabulate every well-known trans- 
posable element in every species (as, for example, we have done for gamete 
killers). Instead, we review what seems to us the most important and inter- 
esting, focusing on their evolutionary logic. As for any selfish gene, know- 
ing how transposable elements actually work is an essential guide to think- 
ing about how they are likely to evolve. We therefore begin by describing in 
some detail what transposable elements look like and how they jump. 

Molecular Structure and Mechanisms 

There are 3 main types of transposable elements, which have little in com- 
mon in structure or mechanism except that they are relatively short (typi- 



229 



GENES IN CONFLICT 



cally l-10kb) and encode 1 or more proteins, all of which appear to be in- 
volved in copying the element to a new location in the genome. Otherwise, 
their mechanisms are quite different. Briefly, DNA transposons typically 
encode 1 protein, a transposase, which recognizes the ends of the element, 
cuts it out, and reinserts it elsewhere in the genome. These cut-and-paste 
mechanisms lead to an increase in copy number, because they take advan- 
tage of DNA repair mechanisms (analogous to HEGs; see Chap. 6) or of dif- 
ferences in the replication times of genes in different locations. The other 2 
classes transpose via an RNA intermediate, through the action of reverse 
transcriptase, which copies RNA transcripts into DNA. The simpler class 
(LINEs) typically encode 1 or 2 proteins, whereas the more complex one 
(LTR retrotransposons) encodes 5 or 6 and is thought to be an amalgam of 
the other 2 types. All 3 classes of element are susceptible to parasitism by 
shorter elements (typically 100-1000bp) that are copied by the transposi- 
tion machinery of the intact elements but do not themselves encode any 
proteins. Finally, all 3 classes of element are widespread and found in ani- 
mals, fungi, plants, and protists, though there is a tendency for the retroele- 
ments to be even more abundant than the DNA transposons. More detailed 
reviews of transposable element structure and function can be found in the 
volume edited by Craig et al. (2002). 

DNA Transposons 

The simplest class of transposable elements are the DNA transposons, which 
include the Ac and Ds elements of maize, the first transposable elements to 
be discovered, the well-studied P elements of Drosophila melanogaster, and 
many others. DNA transposons are typically 1-1 Okb depending on the 
type, encode 1 (or rarely 2) proteins, and have inverted repeats at the ends, 
usually 10-500bp long (Fig. 7.1). The protein is a transposase that recog- 
nizes specific DNA sequences at or near the ends of the element, cuts the el- 
ement out of the genome, and inserts it somewhere else (Plate 6). There is a 
tendency for the new insert to be near the old one. For example, in one 
study of Ac, about 60% of transposition events were to the same chromo- 
some and, of these, 40% were within 4 centiMorgans of the donor site 
(Greenblatt 1984). P elements also tend to jump locally (Tower et al. 1993, 
Zhang and Spradling 1993). Though transposition is essentially cut and 
paste, the copy number of the transposon may nonetheless increase in at 
least two ways. 
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Figure 7.1 Cut-and-paste transposition of DNA transposons. In the first step, 
transposase (shaded spheres) binds to specific recognition sequences (black bars) in 
the inverted repeats at the ends of the transposable element. The transposase then 
dimerizes, cleaves the transposable element out of the host DNA, and inserts it into 
another site in the host genome. Adapted from Davies et al. (2000). 



(1) P elements take advantage of the cell's broken chromosome repair sys- 
tem, like HEGs, but in a slightly different way (Engels et al. 1990, Nassif et 
al. 1994; Fig. 7.2). Elements are excised at a point in the cell cycle between 
DNA replication and mitosis, creating a double-strand gap. The element 
goes on to insert elsewhere in the genome. Meanwhile, the double-strand 
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Figure 7.2 Increase in copy number of P elements by recombinational repair. Transpo- 
sition occurs after DNA replication and before cell division, and the gap left by the ex- 
cised element is repaired using the sister chromatid as a template (see Fig. 6.1 for de- 
tails). After cell division, both daughter cells have the old insert, and 1 of them also has 
the new insert. Here the new insert is on the sister chromatid of the donor, but it can be 
anywhere in the genome. Solid circle represents the centromere. 



gap turns on the cell's repair system, which uses a homologous template to 
fill in the missing DNA. Usually the sister chromatid (with a copy of the P 
element) is used, in which case both chromatids once again have the P ele- 
ment. Occasionally, the repair process is interrupted, and a P element with 
an internal deletion is formed. At other times (—15% on autosomes), the 
homologous chromosome (which will usually not have a P element at the 
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same site) is used as a template, in which case the excised .Pis not replaced— 
this event appears instead as a precise excision event. 

The same mechanism is used by Minos elements of Drosophila hydei (Area 
et al. 1997), Tel elements of Caenorhabditis elegans (Plasterk 1991, Plasterk 
and Groenen 1992), the bacterial transposon Tn7 (Hagemann and Craig 
1993), and presumably many other DNA transposons. 

(2) For Activator {Ac) elements of maize, movement is usually associated 
with loss of the element at the donor site; this and other observations have 
suggested an alternative mechanism for increase in copy number (Fig. 7.3). 
Again, elements are excised at some point between DNA replication and 
mitosis. The resulting gap is then usually closed by joining the broken ends 
back together without using the sister chromatid as a template for repair. 
Analysis of empty donor sites indicates that excision is precise only 10% of 
the time (Schwarz-Sommer et al. 1985). The element then inserts elsewhere 
in the genome. Most of the time (62% in one study) it transposes to an 
unreplicated segment of the genome, and so the DNA replication fork 
passes through it a second time and there is an increase in copy number 
(Fedoroff 1983). Most of the other times it inserts into the sister chromatid 
of the donor, and there is no increase in copy number. 

It is not yet clear why the gap left by an excised Ac element is repaired 
simply by ligating the 2 ends rather than by recombinational repair, as in P 
elements. Repair of Mu element excision events in maize appears to occur 
by end-joining in somatic tissues but by recombinational repair in germline 
tissues (Walbot and Rudenko 2002). It is not known if this reflects an adap- 
tation by the element or some tissue-specific difference in how maize re- 
pairs its DNA. Yamashita et al. (1999) note that some elements with little 
recombinational repair, such as Ac of maize and Tam3 of Antirrhinum majus, 
have complex hairpin structures at their ends that may prevent them from 
participating in recombinational repair. The function of these hairpin struc- 
tures is not known, though perhaps they are structures recognized by the 
transposase. Presumably their function is important, for, at least according 
to the hypothesis, their presence substantially reduces the increase in copy 
number associated with transposition. Another possible factor is the type of 
ends left after excision: Ac elements are thought to leave covalently closed 
hairpin loops in the flanking DNA (Kunze and Weil 2002), which may be 
less prone to recombinational repair than the free ends left by P element ex- 
cision. 

Recently an entirely new class of DNA transposons, called helitrons, has 
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Figure 7.3 Increase in copy number of Ac elements by jumping across the replication 
fork. Ac elements preferentially move from replicated DNA to unreplicated DNA, and 
so a replication fork passes through an element twice in a single cell cycle. After cell di- 
vision, both daughter cells have the new insert, and one of them also has the original 
insert. Here the new insert is on the same chromosome as the donor, but it can be any- 
where in the genome. Solid circle represents the centromere. 



been discovered from sequence analysis of the Arabidopsis, rice, and C. 
elegans genomes (Kapitonov and Jurka 2001). These elements encode 2 or 3 
proteins and do not have inverted repeats at their ends. Based on their simi- 
larity to certain bacterial elements, the authors hypothesize that helitrons 
transpose by "rolling-circle replication" in which replication is an inherent 
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part of transposition (essentially, 1 strand of the transposon is transferred to 
the target site, the other strand remains at the donor site, and both single 
strands are replicated to give double-stranded DNA; for further details, see 
Garcillan-Barcia et al. 2002). Homologs have also been found in selected 
vertebrates, insects, and fungi (Poulter et al. 2003). Some other bacterial 
transposons move by yet another mechanism in which replication is an in- 
herent by-product of transposition (replicative transposition, e.g., Mu, Tn3, 
and, sometimes, Tn7; Craig et al. 2002). However, similar transposons have 
not yet been found in eukaryotes, perhaps because transpositions by such 
elements often result in chromosomal rearrangements that are strongly se- 
lected against in sexually reproducing populations. 

LINEs and SINEs 

The second main class of transposable elements are the LINEs (long inter- 
spersed nuclear elements, also known as retroposons or non-LTR retrotrans- 
posons). LINEs transpose via an RNA intermediate. LINEs encode a multi- 
functional enzyme with domains for DNA binding, DNA cleavage, and 
reverse transcription of RNA into DNA. Many LINEs also encode a second 
protein that binds RNA, but its function is not yet clear (Seleme et al. 1999). 
Retrotransposition is thought to occur by the following steps (Luan et al. 
1993, Boeke 1997; Fig. 7.4). First, an element is transcribed into RNA. Un- 
like most host genes, which have their promoter(s) upstream of the tran- 
scription start site, many LINEs have an internal promoter. By carrying its 
own promoter, the element increases the probability that it will be tran- 
scribed regardless of where it happens to land in the genome. The RNA 
then moves to the cytoplasm, where it is translated to make its 1 or 2 pro- 
teins. As they are being made, or shortly thereafter, the protein(s) bind to 
the very mRNA molecule from which they are being translated. After trans- 
lation, the protein-RNA complex moves back to the nucleus, and the pro- 
tein cuts a single strand of the host genome at the point of insertion. 

Most LINEs can integrate at many different places in the genome (with a 
preference for A-T rich regions), but a substantial minority of LINEs are 
site-specific and insert themselves only into particular places in multicopy 
host genes (Box 7.1). In either case, the exposed 3' end of host DNA is used 
to prime reverse transcription of the RNA into DNA. (Like normal host 
DNA polymerases, reverse transcriptase cannot synthesize a complemen- 
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Figure 7.4 Transposition of LINEs via an RNA intermediate. A LINE is transcribed 
into RNA and then translated into 1 or 2 multifunctional proteins that bind to the 
RNA template from which they were synthesized, carry it to the nucleus, nick the host 
DNA, and then use the exposed 3 ' end to initiate reverse transcription (target-primed 
reverse transcription). After reverse transcription and synthesis of the second strand of 
DNA, all the loose ends are ligated to the host genome. 



tary strand de novo but must instead have something preexisting that it then 
extends.) Reverse transcription starts at the 3' end of the mRNA and works 
up to the beginning of the transcript. Very often it does not get all the way 
to the front, and a 5' truncated element (with the front part missing) ends 
up being inserted. After reverse transcription (making a hybrid RNA-DNA 
molecule with the DNA strand attached at one end to the host genome), the 
other strand of host DNA is cut and somehow the second strand of the 
LINE element is synthesized, replacing the RNA with DNA, and all loose 
ends get ligated to the host genome to create an integrated LINE element. 
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BOX 7.1 

Site-Specific LINEs 

Some LINEs insert only at particular sites in the host genome. For 
example, Rl is a LINE in D. melanogaster that inserts specifically at a 
particular nucleotide position in the 28S rRNA genes; R2 is an- 
other LINE that inserts at another position 74bp upstream of Rl 
(Eickbush 2002). Either insert renders the rDNA gene nonfunc- 
tional, and the hosts (and LINEs) can persist only because there are 
typically hundreds of copies of the rDNA gene per individual, only 
a fraction of which are disrupted (in most species, 5-20%, in some 
species up to 50%; Eickbush 2002). These elements are widespread 
in all lineages of arthropods. Site-specific LINEs have also been 
found in spliced leader RNA (SL RNA) genes of trypanosomes and 
nematodes, in tandem TAA repeats of some insects and vertebrates, 
and in the pentanucleotide repeats at the telomeres of Bombyx mori 
(Eickbush and Malik 2002). Site specificity is achieved by the pro- 
tein recognizing and nicking only a particular DNA sequence. 
Amusingly, the site-specific LINEs also include Txl elements of 
Xenopus frogs, which specifically target a DNA transposon TxlD 
(Christensen et al. 2000). And, somewhat less specifically, Zepp ele- 
ments of Cblorella algae have a tendency to insert into preexisting 
copies of themselves (Higashiyama et al. 1997). Transposable ele- 
ment wars ! 

How does selection maintain site specificity? Presumably muta- 
tions arise that relax this sequence specificity, allowing the element 
to integrate at many more places in the genome. Why have such 
mutants not spread and driven the site-specific elements extinct? 
Site-specific elements may have several advantages (Eickbush and 
Eickbush 1995, Eickbush 2002). First, inactivating one of hundreds 
of copies of a host gene may cause less harm than inserting more or 
less randomly in the genome, particularly in small genomes. Sec- 
ond, randomly placed inserts run the risk of getting into sites where 
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they cannot be expressed, or where their expression is not appropri- 
ately regulated. Third, accidental ectopic recombination between 
nonallelic copies is less deleterious for elements in a tandem array 
like the rDNA cluster than for copies randomly placed in the ge- 
nome. It would be interesting to investigate more formally the cir- 
cumstances under which such advantages could compensate for the 
release from competition for sites that would accrue to a randomly 
inserting mutant. It is interesting that the common ancestor of all 
extant LINEs was itself probably site-specific, and that site spe- 
cificity has been lost at least once and probably also regained at 
least once (Malik et al. 1999, Eickbush and Malik 2002). 



Several important features distinguish LINE transposition from that of 
DNA transposons. First, mutations that occur during the copying process 
happen to the element at the new site, not the one at the ancestral site. (In 
a public lecture, M. Singer compared LINEs to faxes, in which the origi- 
nal stays at home and a potentially degraded copy goes elsewhere.) Sec- 
ond, excision is no part of the transposition process, which means that 
once acquired, LINEs are unlikely to be lost from a site. Finally, and most 
importantly, the cis activity of LINEs— the fact that the reverse transcriptase 
protein predominantly uses as template the very same mRNA molecule 
from which it was translated— greatly simplifies the evolutionary dynamics 
of these elements, as we shall see throughout this chapter. For example, de- 
fective LINEs are created with great frequency, due to truncations and point 
mutations (transcription and reverse transcription being significantly more 
error-prone than DNA replication); but once created, they are much less 
likely to replicate again than are functional elements. The same need not be 
true of DNA transposons. 

That said, the cis preference of LINE proteins for their own mRNAs is 
not absolute, and SINEs (short interspersed nuclear elements) are a subclass 
of transposable elements that do not encode any proteins themselves but 
instead have evolved to parasitize the LINE retrotranspositional machinery. 
Many SINEs are chimeric elements, with a 5' region derived from a host 
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tRNA gene, a middle region of unknown origin, and a 3 ' tail derived from 
the 3' tail of a LINE, the part thought to be recognized by the protein 
(Okada et al. 1997, Ogiwara et al. 1999). Alu elements of humans are an ex- 
ception, being derived from the genes for 7SL RNA. 

LTR Retroelements 

The final class of transposable elements are the LTR (long terminal repeat) 
retroelements. These are more complex than the other 2 classes of trans- 
posable elements, typically encoding 2 structural proteins (capsid and 
nucleocapsid) and 3 enzymes (protease, reverse transcriptase [including 
RNaseH], and integrase). The reverse transcriptase is homologous to that of 
LINEs and the integrase is homologous to some transposases, suggesting 
that LTR retroelements may have originated as a chimera between the other 
2 classes of transposable elements (Eickbush and Malik 2002). The 2 struc- 
tural proteins are cleavage products of a single polyprotein encoded by a 
single ORF (gag), and the 3 enzymes are cleavage products of a polyprotein 
encoded by a second ORF (pot). While there is some variability among spe- 
cific elements (Levin 2002, Eickbush and Malik 2002), the basic outline of 
the replication cycle is as follows (Fig. 7.5; for more details see Coffin et al. 
1997): 

First, the element is transcribed into RNA. This begins at a site near the 
middle of the upstream LTR and ends downstream of the corresponding 
point in the downstream LTR. Transcripts can then be translated into pro- 
tein (a "somatic" fate) or encapsidated, reverse transcribed, and inserted 
back into the genome (a "germline" fate). A particular RNA molecule can- 
not act simultaneously as a template for protein synthesis and as a template 
for DNA synthesis. We examine the selection pressures optimizing the deci- 
sion to be one or the other in Box 7.2. After translation, the gag proteins 
assemble into a capsule or particle containing the genomic RNA, the en- 
zymes, and a tRNA. There is a specific "packaging signal" recognition se- 
quence in the genomic RNA that interacts with the gag proteins, and only 
RNAs with this sequence typically get packaged. Once the particle has as- 
sembled, the reverse transcriptase becomes active and copies the RNA into 
a double-stranded cDNA, using the tRNA as a primer to initiate synthesis. 
There are 2 RNA genomes packaged per particle, and (at least in retro- 
viruses) the polymerase can jump between them during replication, thus 
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Figure 7.5 Transposition of LTR retroelements via an RNA intermediate. RNA tran- 
scripts can have 2 different fates. First, they can act as normal mRNA and therefore as 
templates for protein synthesis (a somatic fate). Typically 5 or 6 different proteins are 
synthesized, including those for capsid formation, reverse transcription, and integra- 
tion. Alternatively, RNA transcripts can act as gRNA, which is encapsidated and reverse 
transcribed into cDNA, which in turn is integrated into the host genome (a germline 
fate). Note that gRNA from one element may get copied by proteins made from the 
mRNA of a different element. 
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BOX 7.2 

The Two Fates of LTR Retroelement Transcripts 

A particular RNA transcript of an LTR retroelement cannot simul- 
taneously act as a template for translation (i.e., as an mRNA) and be 
encapsidated for reverse transcription (i.e., as a genomic or gRNA). 
Sometimes these RNAs even have different structures: for example, 
the gag protein of copia (and all retroviral env proteins) is translated 
from spliced mRNAs that do not have the full complement of 
genes, nor the recognition sequence for encapsidation (the "packag- 
ing" signal; Boeke and Stoye 1997). Some members of the DIRS1, 
Ngaro, and Penelope retroelement families have introns, which pre- 
sumably are spliced out of mRNAs but not out of gRNAs. In some 
retroviruses the two fates appear to be mutually exclusive even 
without differential splicing, as if the passage of a ribosome over 
the RNA made it incapable of being encapsidated (Levin and 
Rosenak 1976, Sonstegard and Hackett 1996). And even if a particu- 
lar RNA molecule can act as a template and be encapsidated, both 
cannot happen simultaneously. 

The proportion of transcripts that are mRNA versus gRNA is 
likely to be under the influence of ax-acting control regions in the 
RNA (that, for example, affect their affinity for spliceosomes, or 
ribosomes, or the gag protein). What, then, is the optimal ratio of 
the two types? Nee and Maynard Smith (1990) propose a simple 
model and derive the optimal (or evolutionarily stable) proportion 
of mRNA asp = l/(w + 1), where n is the average copy number of 
the element in the genome. The precise quantitative result depends 
on the simplifying assumptions used, but the qualitative result is 
likely to be general: the higher the copy number, the lower the pro- 
portion of transcripts that should be templates for protein synthe- 
sis. This is because elements will be increasingly selected to rely 
on proteins made by other elements. Paired comparisons of en- 
dogenous and exogenous retroviruses in vertebrates would be an 
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ideal system in which to test this prediction: exogenous viruses 
should behave as if »=1 and so should have a higher ratio of 
mRNA:gRNA than endogenous viruses. Nee and Maynard Smith 
also note that competition among retroelements to be genomic 
RNAs may in part explain why transcripts are often abundant but 
transposition rates low. For example, copia transcripts can comprise 
as much as 3% of the polyadenylated RNA in some Drosophila cell 
lines, and yet the transposition rate is less than 10 3 per element (Ru- 
bin 1983). Tyl RNA is 5-10% of total polyadenylated RNA in hap- 
loid yeast cells (Roeder and Fink 1983), but again transposition 
rates are low. 



synthesizing recombinant cDNA (Temin 1991). The LTRs are reconstituted 
at this step, in a way that they are always identical at the time of insertion 
(unless the 2 RNAs have different LTRs and there has been recombination; 
Telesnitsky and Goff 1997). Particle assembly and reverse transcription may 
occur in the cytoplasm or in the nucleus (Boeke and Stoye 1997). After re- 
verse transcription the particle falls apart and the integrase recognizes the 2 
ends of the cDNA and inserts them into the host genome. 

At least in yeast, there is an alternative pathway for the cDNA to get into 
the genome: the double-stranded cDNA can recombine with a preexisting 
copy of the element, either converting the old sequence to the new one or 
(if the LTRs interact) generating a tandem pair of elements. In 1 experiment 
with Ty5 elements of baker's yeast, about 7% of insertions were by homolo- 
gous recombination with a single preexisting copy, of which 70% resulted in 
gene conversion and 30% in tandem elements (Ke and Voytas 1997; see also 
Sharon et al. 1994). It is not clear whether this alternative pathway is an acci- 
dent or an evolved adaptation. 

Though LTR retroelements are like LINEs in that they use reverse tran- 
scriptase, there are some important differences between the 2 classes. First, 
the existence of the LTRs means that there can be recombination between 
the 2 ends of an element, which will delete the element, leaving only a sin- 
gle copy of the LTR (Fig 7.6). Thus, though excision is not part of the trans- 
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Figure 7.6 Looping out of LTR retroelements. Recombination between the 2 long ter- 
minal repeats of an element leads to deletion of the element, with only a single copy of 
the repeat left behind. Excision rates are usually less than insertion rates. 



position pathway, it is more common than for LINEs. Second, elements 
need not encode any functional proteins to transpose, as these can be sup- 
plied by another element, in trans (Xu and Boeke 1990). But they do require 
a number of m-acting sequences in order to be transcribed, packaged, 
reverse transcribed, and integrated, most of which are near the ends (in or 
near the LTRs; Vogt 1997). In all these respects, LTR retroelements are more 
like DNA transposons than LINEs. 

There are 2 main subclasses of LTR retrotransposons, which differ slightly 
in the arrangement of their coding regions: the Tyl-copia elements and the 
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Ty3-gypsy elements. Both are widely distributed among fungi, plants, inver- 
tebrates, and "lower" vertebrates, but appear to be largely absent from birds 
and mammals. Also related to these are the vertebrate retroviruses, includ- 
ing HIV. Retroviruses encode, at minimum, 1 extra structural protein, env, 
needed to construct the viral envelope that allows transfer between cells; 
more complex retroviruses such as HIV may encode up to 6 more small pro- 
teins as well (Vogt 1997). In vertebrates of all sorts, there is a third class of 
LTR retrotransposons, the endogenous retroviruses (ERVs), which are retro- 
viruses that have integrated into the germline and resumed their ancestral 
habit of being transposable elements. Active ERVs have been found in ba- 
boons, mice, and chickens (Boeke and Stoye 1997). At least 6 other lineages 
of LTR retroelements have acquired env-like genes, though it is not yet clear 
whether any of them are regularly infectious between individuals (Eickbush 
and Malik 2002). The env gene of gypsy elements of Drosophila melanogaster 
allows them to transfer from follicle cells to oocytes in females (Song et al. 
1997). In the laboratory, gypsy elements can also be transferred between in- 
dividuals: flies lacking gypsy can acquire it if they grow up in a medium of 
homogenized pupae that contain the element (Kim et al. 1994). 

In addition to these well-known families, there are a number of other less 
well studied families, including the BEL, VIPER, DIRS, and Ngaro families 
(Vazquez et al. 2000, Goodwin and Poulter 2001, 2004). Members of the lat- 
ter 2 families encode tyrosine recombinases (homologous to bacterial genes 
and the FLP recombinase of yeast) instead of an integrase, and they are 
thought to transpose via a circular intermediate rather than a linear one. 
Some also have introns, as do members of the even more distantly related 
Penelope-like elements (Arkhipova et al. 2003). 

Population Biology and Natural Selection 

Transposable elements accumulate by copying themselves around the ge- 
nome rather than by sticking to a single locus, and there can be tens or hun- 
dreds of active copies of an element in a single individual. This complicates 
our thinking about their spread and evolution. Considering just a single in- 
sert, there can be a trade-off in how active it will evolve to be. The more ac- 
tive it is, the more copies it will make per generation, but also the more 
harm it will cause the host, and so the faster it will disappear from the popu- 
lation. Moreover, the evolutionarily stable level of activity may depend 
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upon the number of elements in the genome: chromosomal repair systems 
may not be able to cope with 50 DNA transposons excising simultaneously 
and, were that to happen, the host cell would die. Having so many copies of 
an element in a single individual also means that the proteins encoded by 
one element may well end up copying another element, and so there is the 
possibility of social interactions between elements, particularly parasitism. 
We will build up to these complications slowly, first considering the case of 
a single homogeneous population of elements and their spread through a 
host gene pool. 

Transposition Rates Low But Greater Than Excision Rates 

Transposable elements have evolved sophisticated mechanisms for increas- 
ing in copy number in the genome, but how often does transposition ac- 
tually occur? There is no simple answer to this question, except to say that 
transposition rates are low (compared to per capita replication rates for 
other selfish genetic elements) and highly variable. The best data come from 
lab experiments with D. melanogaster. In one study, for P elements in "dys- 
genic" crosses, in which the male has many elements and the female has 
none, the transposition rate was about 0.25 (i.e., 1/4 of the elements trans- 
posed each generation); while in nondysgenic crosses in which both males 
and females have many elements, the rate drops to about 0.005 per ele- 
ment per generation (Eggleston et al. 1988). If there are 50 elements in 
the genome, this works out to about 1 transposition in the whole genome 
every 4 generations. In a study of P elements in inbred lines, there was only 
1 net transposition in about 350,000 opportunities, for a rate of 2.9 X 10~ 6 
(Dominguez and Albornoz 1996). Other transposable elements in these 
same inbred lines also had low transposition rates {hobo: 0/305,760; FB: 2/ 
291,200 = 6.9 X 10~ 6 ). In another study of inbred lines, no transpositions 
were observed for either hobo or FB4 out of 28,000 and 45,500 opportuni- 
ties, respectively (95% upper bound on transposition rates of 1.1 X 10~ 4 and 
6.6 X 10 5 ; Nuzhdin and Mackay 1995). In yet another study, of outbred 
lines, hobo moved at an appreciable rate, though the data did not allow 
quantification (Harada et al. 1990). 

Transposition rates of LINEs and LTR retroelements (per element per 
generation) are not dissimilar: in two Drosophila experiments, the rates were 
typically about 10~ 4 , with some variation (at least an order of magnitude) 
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among families (Nuzhdin and Mackay 1995, Maside et al. 2000; see also 
Vieira and Biemont 1997, Suh et al. 1995). Though small, this rate is sub- 
stantially greater than the rate of excision, which averaged about 10". The 
few excisions that were observed were of LTR retroelements and presumably 
arose by LTR- LTR recombination; there is no similar mechanism known by 
which LINEs can be deleted. Excision rates of ERVs in mice are similar, at 
about 4 X 10" (Seperack et al. 1988, Frankel et al. 1990). For Tyl elements 
of baker's yeast, excision rates are about 2 X 10" (Winston et al. 1984). Sur- 
prisingly, estimated transposition rates are lower than this (3 X 10" to 1 X 
10"; Curcio and Garfinkel 1991). These are laboratory measurements, and 
we suspect that transposition rates in nature must be greater than those in 
the lab. 

Though small compared to those of other selfish genes, these rates of ac- 
cumulation are still sufficient to have a dramatic effect on evolutionarily 
trivial timescales. For example, with a transposition rate of 10", the abun- 
dance of elements is expected to double in about 7000 generations (—600 
years for D. melanogaster), or increase 10-fold in 23,000 generations (—2000 
years), if unopposed by selection (assuming all new inserts are functional, 
calculated using y = (l+ty, where y is the proportional increase in copy 
number, t'\% the transposition rate, and g is the number of generations). 

Natural Selection on the Host Slows the Spread of Transposable Elements 

In reality, the spread of a transposable element through a host population 
will be somewhat slower than these calculations suggest, as effects on the 
host are usually deleterious, and so natural selection on the host population 
will work against them. Again, the best data are for Drosophila. High rates of 
P element transposition (P element "dysgenesis") cause chromosome break- 
age and rearrangements, which in turn cause reduced fertility (Fig. 7.7) and 
increased embryonic lethality. Moreover, some 5-10% of insertions cause 
recessive lethal mutations (Cooley et al. 1988). The nonlethal inserts also 
appear to reduce fitness: in one study of P element insertions on the third 
chromosome, viability in the laboratory was reduced about 5.5% per insert 
when heterozygous and 12.2% when homozygous (Mackay et al. 1992). In 
another study, viability was reduced about 1.4% per insert on the X chromo- 
some when hemizygous (i.e., in males; Fig. 7.8). 

Effects on host fitness have also been investigated for mariner elements of 
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Figure 7.7 Gonadal dysgenic (GD) sterility resulting from high levels of P element ac- 
tivity in D. melanogaster. For both the male and female reproductive tracts, the left go- 
nad is drawn from a normal adult and the right one from a GD sterile adult. Note that 
the gonad is greatly reduced in both sexes. Adapted from Engels (1989). 



D. simulans. Flies with just 2 mobile elements die about 4 days earlier in the 
lab than those with none (57.6 vs. 61.4 days; Nikitin and Woodruff 1995). 

Again, LINEs and LTR retroelements are not dissimilar. High frequencies 
of /element transposition (a LINE of Drosophila melanogaster) are associated 
with elevated rates of dominant lethality and other mutations (Finnegan 
1989). High activity of Penelope elements (LTR retroelements of D. virilis) 
are thought to cause gonadal dysfunction, chromosomal rearrangements 
and nondisjunction, male recombination, and increased mutation rates 
(Evgen'ev et al. 1997). Some of these effects appear to occur because Penel- 
ope activity mobilizes other transposable elements, including Ulysses (an- 
other LTR retroelement), Helena (a LINE), and Paris (a DNA transposon). 
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Figure 7.8 Decline in viability as a function of increasing numbers of P elements in D. 
melanogaster. P elements were mobilized in the lab to generate X chromosomes with dif- 
fering numbers of inserts. Each additional insert reduces male survival by about 1.4%. 
Due to hemizygous expression, inserts on the X are expected to be more harmful than 
those on the autosomes. Adapted from Eanes et al. (1988). 



The deleterious nature of transposable elements is also apparent in other 
ways. About 50% of visible mutations in D. melanogaster are due to trans- 
posable element insertions (Finnegan 1992). In mice, of 160 spontaneous 
mutations at 86 different loci, 4 were due to LI insertions and 13 to vari- 
ous LTR retroelements {IAPs, ETns, and MaLRs), for a total of about 10% of 
mutations (Kazazian and Moran 1998). In humans, the number is much 
lower: about 0.1% of new mutations that cause genetic disease are LI inser- 
tions and another 0.1% are Alu insertions (Kazazian 1999). Transposable 
elements can also be harmful in causing ectopic recombination between el- 
ements in nonhomologous locations. Recombination between ectopic cop- 
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ies has been observed in the lab for many families of transposable elements 
in D. melanogaster (Lim and Simmons 1994). In humans, 0.2% of new muta- 
tions that cause disease are due to ectopic recombination between Alu ele- 
ments (Deininger and Batzer 1999). In addition, ectopic recombination be- 
tween Alus in somatic cells has been implicated in a number of cases of 
cancer. Finally, formation of transpositional intermediates such as RNA 
transcripts and retroelement particle formation is also likely to put a burden 
upon the physiology of the host cell. There have been debates about which 
of these various sources of harm is the more important, but with no clear 
resolution (Hoogland and Biemont 1996, Charlesworth et al. 1997, Biemont 
etal. 1997, Nuzhdin 1999). 

Rapid Spread of /'Elements in D. melanogaster 

We saw in Chapter 1 that the ability of transposable elements to spread 
through a population has been dramatically— and fortuitously— demonstrated 
for P elements in D. melanogaster. In that species, the elements invaded and 
established themselves in the gene pool in just a few decades, having been 
introduced somehow from D. willistoni, a distant relative (Engels 1992). 
Most strains of D. melanogaster isolated from the wild before 1960 do not 
contain P elements, while strains collected since that time are increasingly 
likely to carry Ps, and now they appear to be present in all natural popula- 
tions (Kidwell 1983, Anxolabehere et al. 1988; see Table 1.1). This ability to 
invade and establish when rare has also been observed in lab populations 
(Daniels et al. 1987, Kidwell et al. 1988, Good et al. 1989; Fig. 7.9). As ex- 
pected, the invasion of the D. melanogaster gene pool was accompanied by 
an increased mutation rate (rev. in Quesneville and Anxolabehere 1998). In 
Russian populations, the wave of /'element invasion was associated with a 
phase of high mutability, and in Japanese and Korean populations the ar- 
rival of /"elements was associated with a transient increase in the detrimen- 
tal load per chromosome. 

Further insight into the invasion comes from analyzing the frequencies 
of /"elements at particular sites in the genome. Surveys of natural popula- 
tions show that, at any one site, insertions tend to be rare (Ronsseray and 
Anxolabehere 1986, Ajioka and Eanes 1989, Biemont et al. 1994; Fig. 7.10). 
This indicates that P elements have not spread because some inserts are ben- 
eficial and increased in frequency by natural selection. Rather, most inserts 
appear to be deleterious (though neutral or very small beneficial effects can- 
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Figure 7.9 Spread of P elements in experimental populations of D. melanogaster. Popula- 
tions were started by introducing flies with P elements into a population without. Two 
different donor strains were used, and 2 different starting frequencies (2% and 20%), for 
a total of 4 treatment combinations. Y axis is the amount of P element DNA relative to 
a control strain. The mean of 2 replicate populations is shown for each treatment. Note 
the speed of the invasion. Adapted from Good et al. (1989). 



not be ruled out because there has not been sufficient time for such muta- 
tions to increase in frequency). There is one notable exception to the low 
site occupancy, namely, a high frequency of insertions at sites near 1 tip of 
the X chromosome. This exception appears to prove the rule, for these in- 
sertions have apparently been selected because they repress P element activ- 
ity (Ronsseray et al. 1991, Stuart et al. 2002)! The fact that repressors are pos- 
itively selected is further evidence that P elements are parasitic. It would be 
interesting to know whether this element has retained the ability to trans- 
pose, or whether it has lost that ability and completely gone over to "the 
other side." Because transposition is costly, repressors that are unable to 
transpose should be even more favored by natural selection on the host 
population. 

Net Reproductive Rate a Function of Transposition 
Rate and Effect on Host Fitness 

Transposable elements can invade and persist in a host gene pool even if ev- 
ery single insert is unconditionally harmful to the host organism and re- 
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Figure 7.10 Site-occupancy profiles for P elements on the X chromosome of D. 
rnelanogaster. The X axis represents different cytologically detectable sections of the X 
chromosome, from one end to the other, and the Y axis shows the number of chromo- 
somes carrying a P element in the different sections. Data from 4 different populations 
are shown, as well as for inserts generated in the lab de novo, n is the total number of X 
chromosomes studied in that population, with the total number of inserts in parenthe- 
ses. Note that for all sections of the X except the tip, P elements are present in only a 
minority of chromosomes. The high frequency of inserts at the tip of the X is not due 
to a high rate of insertion, indicating it is due to positive selection. Adapted from 
Ajioka and Eanes (1989). 
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duces its fitness. Deleterious inserts are usually driven extinct by natural se- 
lection on the host, but as long as an insert transposes to a new location on 
average more than once before this happens, the average number of copies 
per genome will increase. Consider the following calculation. A new inser- 
tion occurring in a single individual that reduces host fitness by an amount s 
is, in the next generation, expected to be in l — s individuals, in the follow- 
ing generation, (1 — s) 2 individuals, and so on. The total expected number of 
individuals carrying a new insertion before it goes extinct is then 1 + (l—s) 
+ (l-s) 2 + (l-s) 1 + ...= l/s (Crow 1957, Nei 1971). For example, an in- 
sertion that reduces fitness by 10% will on average be found in 10 individu- 
als before it goes extinct; an insertion that reduces fitness by 0.01% will be 
found in 10,000 individuals. Each of these individuals will on average have 
fitness 1—5, and so the total number of opportunities for the element to 
transpose will be (l/s)(l—s). If the transposition rate is t, the net reproduc- 
tive rate of the element will be: 

R= t (l/s) (l-s) 

= t(l/s-l) Eqn. 7.1 

~ tls (assuming s< < 1). 

This is the average number of daughter insertions that a new insertion will 
give rise to before going extinct. If R is less than 1, the element will decline 
in frequency in the gene pool; and if R is greater than 1, it will increase in 
frequency. At equilibrium, R= 1. Note that for the equilibrium to be stable, 
R must decrease as copy number increases. That is, either the transposition 
rate per element must decrease or the harm caused per element must in- 
crease with increasing copy number. Charlesworth and Charlesworth (1983) 
present a more detailed model of transposable element population dynam- 
ics, and come to the same conclusion. Note also that different insertions 
will have different effects on host fitness (i.e., different values of s), and it is 
the harmonic mean of these that is important. An element can persist even 
if it produces mostly lethal insertions (s = 1), as long as it also produces 
some of very small effect. 

We noted earlier that the transposition rate for P elements in nondysgenic 
laboratory crosses is about 0.005. If this rate is typical of natural popula- 
tions, at equilibrium inserts should reduce host fitness by about the same 
amount (i.e., 0.5%). This estimates either the harmonic mean effect of new 
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inserts, or the arithmetic mean effect of a random sample of inserts segregat- 
ing in natural populations. This value is less than the 1.5-5.5% reduction 
observed for new inserts in the lab (see earlier). Presumably at least part of 
this discrepancy is due to the difference between harmonic and arithmetic 
means. 

If there are 50 /'elements in the genome transposing at a rate of 0.005 per 
generation, this works out to about 1 transposition per genome every 4 gen- 
erations, and fitness is reduced on average by about 3.5°/o/4 = 0.875% every 
generation due to P element transposition. This value is not too different 
from the estimated total reduction in fitness due to all new mutations (= 1 
to 2%; Burt 1995, Charlesworth et al. 2004). Finally, if s for extant insertions 
is 0.005 and the inserts interact multiplicatively, the fitness of flies with 50 
inserts will be (1-0. 005) 50 = 0.78 relative to those with none. That is, P ele- 
ments alone would be reducing population mean fitness by about 20%. Al- 
lowing for epistatic interactions in the deleterious effects, this load may be 
reduced by a factor of 2, to 10% (Charlesworth and Barton 1996). But these 
are unusually active elements. Taking all other families of elements together, 
if we assume there are 500 inserts, each transposing at a rate of 10~ 4 , and if 
we allow for epistatic interactions, the mean fitness of the population will 
be reduced by 2-3% (Charlesworth and Langley 1989). 

The net rate of reproduction R is also a measure of the fitness of a particu- 
lar transposable element variant. Variants with smaller than average R will 
decline in frequency, those with larger R will increase in frequency, and the 
population of transposable elements will evolve to maximize R. 

Reducing Harm to the Host 

Equation 7.1 captures the intuitively obvious notion that the fate of a trans- 
posable element depends not only on the transposition rate but also on 
the fitness effects on the host. We should therefore expect transposable 
elements to have evolved adaptations for reducing the harm done to the 
host. One such adaptation is germline specificity: transposition in the so- 
matic tissue of an organism is harmful to the host without benefiting the 
transposable element, and so is selected against (Charlesworth and Langley 
1986). Many elements in D. melanogaster have evolved such tissue speci- 
ficity. For P elements, transposition is suppressed in somatic cells because 
the third intron is not spliced out of the P transcript, and so there is no 



253 



GENES IN CONFLICT 



functional transposase. Artificially created P elements that are missing the 
intron produce functional transposase and transpose in somatic cells, thereby 
significantly reducing host lifespan (Woodruff and Nikitin 1995). Mutations 
in the region 12-3 lbp upstream of the intron can abolish the germline spe- 
cificity of the splicing, suggesting that a protein normally binds to this re- 
gion in somatic cells and prevents splicing (Chain et al. 1991, Siebel et al. 
1995). Another DNA transposon, hobo, also transposes only in the germ- 
line, but the mechanism is completely different, being based on tissue-spe- 
cific transcription (Calvi and Gelbart 1994). Similarly, /elements, which are 
LINEs, are transcribed only in ovaries and transpose only during female 
meiosis (McLean et al. 1993, Udomkit et al. 1996). Among LTR retrotrans- 
posons, gypsy elements are expressed only in the follicle cells at the anterior 
end of the developing oocyte, and ZAM elements only in those at the pos- 
terior end; both then invade the oocyte before the vitelline membrane 
forms (Song et al. 1997, Leblanc et al. 2000). Thus, within a single species, 
representatives of all 3 main classes of transposable element have indepen- 
dently evolved mechanisms for being inactive in the somatic cells, and so of 
reducing the harm done to the host. The P element example is interesting 
because the intron adds about 200bp (7%) to the length of the element, 
which may impose some small cost in reduced rate of successful transposi- 
tion in the germline (though there are also 2 other introns with no known 
function). Nor is this behavior restricted to fruit flies: for example, LI 
LINEs of humans are also active predominantly in the germline (Moran 
and Gilbert 2002). 

Another way to limit the damage caused by transposition is to insert pref- 
erentially into "safe" sites in the genome. We have already noted that some 
LINEs target a particular DNA sequence, and many other transposable ele- 
ments show regional specificity. Such targeting is well developed in the LTR 
retroelements of the baker's yeast S. cerevisiae. This species has a dense ge- 
nome (ca. 70% coding, compared to 15% in D. melanogaster and 1.5% in hu- 
mans), and so random insertions are particularly likely to disrupt gene func- 
tion (Boeke and Devine 1998). Tyl, Ty2, Ty3, and Ty4 elements all target the 
regions upstream of tRNA genes and other host genes transcribed by RNA 
polymerase III (Kim et al. 1998). In baker's yeast there is usually an inter- 
genic region of 500-2000bp upstream of such genes, larger than most in- 
tergenic regions, and so these regions are likely to be safe havens for the ele- 
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ments. At least 2 of these elements, Tyl and 1y3, are distantly related and 
use very different mechanisms to target this region, indicating convergent 
evolution. Interestingly, there may be a cost to this site specificity in re- 
duced rate of transposition, because one explanation for the large intergenic 
region is that RNA polymerase II transcription is down-regulated there, and 
Ty elements are transcribed by pol II (Bolton and Boeke 2003). Ty5 elements 
also show site specificity, in this case for "silent chromatin," including telo- 
meres. This site specificity is not based on a particular DNA sequence, but 
rather on the host proteins bound to these particular regions of chromo- 
somal DNA, as is also the case for Tyl and 1y3. 

A third adaptation for mitigating harmful effects is the ability to be 
spliced out of host transcripts, shown to varying degrees for a number of el- 
ements (Gierl 1990, Rushforth and Anderson 1996, Lai and Hannah 1999, 
Kunze and Weil 2002). Surprisingly, there is no record of a transposable ele- 
ment associated with a self-splicing intron or intein. We do not know why 
this is. Our best hope may be to construct a self-splicing transposable ele- 
ment and see how it behaves. 

Transposition Rate and Copy Number "Regulation" 

Transposition rates of 10" 4 are low compared to rates of accumulation for 
other selfish genetic elements and compared to nucleic acid manipulations 
that are beneficial to the host (e.g., splicing, recombination). The low rates 
may reflect relatively successful suppression by the host. Alternatively, they 
may reflect self-suppression by the transposable elements themselves. That 
is, perhaps selection on the elements does not act to maximize transposition 
rates, but to bring them to some intermediate optimum. Equation 7.1 shows 
that, for such prudence to evolve, an increase in transposable element activ- 
ity must increase the harm done to the host more than it increases the rate 
of successful transposition. The number of hosts a particular insertion ap- 
pears in before going extinct depends on the harm done to the host, which 
in turn may depend in part on how active the element is. We liken this to 
being in quicksand: try to move either too slowly or too fast, and you sink; 
the optimal activity is intermediate. But selection for an intermediate opti- 
mum is not inevitable. If most of the harm caused by transposable elements 
is due to the presence of the DNA, regardless of how active it is (i.e., 



255 



GENES IN CONFLICT 



insertional mutations and ectopic exchange), a reduction in activity may 
not lead to any substantial reduction in harm, and selection will tend to 
maximize activity (Charlesworth and Langley 1986). 

It is interesting in this regard that mutant elements sometimes have 
higher transposition rates than wildtype. For example, the transposition rate 
of Tyl elements of yeast, which is normally 10~ 5 to 10~ 7 in the lab, can be in- 
creased more than 1000-fold to 0.05 by giving it a stronger promoter (Voytas 
and Boeke 2002). For Ty5, transposition rates can be increased 40-fold by 
changing just 2 amino acids in gag (Gao et al. 2002). Similarly, changing 1 or 
2 amino acids in the transposase from the Himarl element of a hornfly 
(Haematobia irritans) can make it several-fold more active (Lampe et al. 1999, 
Fischer et al. 2001). And changing the codons of mouse LINE-1 elements to 
those used by highly expressed genes (without changing the encoded amino 
acid sequence) increases transposition rates more than 200-fold (Han and 
Boeke 2004). But it is not yet certain whether these various mutations are 
disrupting some element adaptation for prudent transposition, or whether 
they are preventing host detection and suppression. It would be interesting 
to put wildtype and engineered elements into direct competition in a labo- 
ratory population. 

A closely related issue is what determines transposable element copy 
number. We saw earlier that in order for there to be a stable equilibrium 
copy number of transposable elements per genome, either the transposition 
rate per element (t) has to decline with increasing copy number or the dele- 
terious effect of each insert (s) has to increase. Presumably at least 1 of these 
2 relationships holds for all transposable elements. P, hobo, and / elements 
of D. melanogaster all show the phenomenon of hybrid dysgenesis, in which 
progeny from crosses between males who carry the element and females 
who do not show greatly elevated rates of transposition. This suggests that at 
low copy numbers the transposition rate (per element) will be higher than at 
high copy numbers, for at very low copy numbers, when only 1 of the 2 par- 
ents will typically have an element, half the time the transposition rate 
should be high. Indeed, if/ elements are introduced into a strain, either by 
crossing or by transgenics, copy number increases over several generations 
until there are 10-15 per haploid genome, after which there is no further 
change (Chaboissier et al. 1998, Bucheton et al. 2002). The plateau is hit be- 
cause their activity is inversely related to copy number. / elements from D. 
teissieri behave similarly when introduced into D. melanogaster, reaching an 
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equilibrium copy number of 10-15 per haploid genome, despite the fact 
that in its native species there are typically only 2-4 copies (Vaury et al. 
1993). Inverse relationships between transposable element activity and copy 
number have also been suggested for mariner elements of Drosophila and Ac 
elements of maize (Lohe and Hartl 1996, Kunze and Weil 2002). 

Why do transposition rates decrease as copy number increases? Is this 
self-regulation by the elements themselves or suppression by the larger host 
genome, and how is the effect achieved? One can easily imagine benefits to 
self-regulation, especially because multiple elements attempting to trans- 
pose simultaneously may be particularly harmful to the host organism (re- 
call the association in dysgenic crosses between high transposition rates and 
sterility). Even in vitro, the transposition rate of Himarl is reported to in- 
crease initially with the concentration of transposase, and then to decrease 
(Lampe et al. 1998), though the transposition rate for the related Mosl ele- 
ment from D. mauritiana simply plateaus at a high concentration (Tosi and 
Beverley 2000). The "overexpression inhibition" of Himarl could result 
from a concentration-dependent tendency of the transposase to form inac- 
tive aggregates (see also Heinlein et al. 1994). It would be interesting to see 
whether mutant transposons can be generated that do not show this self-in- 
hibition, and to test whether they are responsive to their own copy number 
in vivo. Other possible mechanisms by which transposable elements could 
actively control their copy number are described in Box 7.3. 

On the other hand, any reduction in the per capita transposition rate at 
high copy number may have nothing to do with the element itself, and ev- 
erything to do with the host. Some host factor essential for transposition 
may be limiting. Or, hosts may be better able to suppress high copy number 
elements. Eukaryotes appear to have a number of mechanisms that suppress 
genes according to the number of copies in the genome (e.g., Mipping, 
Ripping, RNAi, and cosuppression; Galagan and Selker 2004, Schramke 
and Allshire 2004). In a particularly instructive study, a mutational screen 
was performed for increased transposition of Tel elements in C. elegans. A 
mutation of large effect was discovered that also elevated the transposition 
rate of 3 other DNA transposons, and the mutant turned out to be a knock- 
out of a gene involved in RNAi (Retting et al. 1999; see also Tabara et al. 
1999, Vastenhouw and Plasterk 2004). Similar results have been reported for 
RNAi and transposable elements in Chlamydomonas algae (Wu-Scharf et al. 
2000). Transposable elements may become easier to detect and suppress 
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BOX 7.5 

Candidate Mechanisms of Copy Number 
Control: Bacterial Plasmids 

Bacterial plasmids actively control their copy number, and mech- 
anistic understanding of how they accomplish this is quite ad- 
vanced. Because similar mechanisms may be found in transposable 
elements, we review the 2 main classes of control mechanism (from 
Summers 1996). 

Inhibitor dilution. Plasmids using this mechanism produce a trans- 
acting replication inhibitor whose concentration is proportional to 
copy number. Such proportionality can be achieved by constitutive 
synthesis of an unstable inhibitor; often this is an antisense RNA. 
As copy number increases, the concentration of the inhibitor in- 
creases, and replication rates fall, thus stabilizing copy number. 

Autorepressor. Plasmids using this mechanism produce a protein 
that is rate-limiting for replication and that inhibits its own tran- 
scription (autorepression). This negative feedback loop means that 
the concentration of the protein (and therefore total replication 
rate) is constant, and independent of copy number. A constant to- 
tal replication rate per cell means that the rate per element is in- 
versely proportional to copy number. 



as they become more frequent in the genome and, in this way, equilibrate in 
number. 

One way that some host taxa suppress their transposable elements is by 
methylating them (i.e., by attaching a methyl group to cytosine residues; 
Bestor 2003). Methylation usually occurs to Cs followed by Gs (i.e., to CG 
dinucleotides or, in plants, to CNG trinucleotides, where N is any nucleo- 
tide). In principle, then, transposable elements could avoid methylation by 
losing their CG dinucleotides. Interestingly, Ac elements of maize have a 
deficit of CG dinucleotides in their coding region, but not in the inverted 



258 



Transposable Elements 



repeats, nor in the first 400bp untranslated region of the transcript (Kunze 
et al. 1988). Why have these been maintained? Have these been maintained 
in order to facilitate methylation-induced silencing, thereby allowing self- 
regulation? An alternative explanation is that elements that are normally 
methylated will be transiently hemimethylated after DNA replication (be- 
fore the newly synthesized strand is methylated) and this may be a cue for 
excision, because Ac elements are selected to transpose immediately after 
DNA replication (Wang and Kunze 1998). It would be interesting to mutate 
these CG dinucleotides, to see how the behavior of the element is affected. 
Curiously, while methylation of an Ac element is associated with a lack of 
transcription, it does not interfere with the ability of the element to be 
transposed if other elements in the genome are transcribed (Kunze et al. 
1988). This is surprising— because the transposase is likely to have come 
from an unmethylated element, we might have expected it to have evolved 
to recognize only unmethylated elements and thereby increase the proba- 
bility of transposing the element from which it was derived. 

Finally, copy numbers can be stabilized not only by the transposition rate 
decreasing with copy number, but also by the selective disadvantage of each 
insert increasing. This is possible because of the increasing chances of ec- 
topic exchange or because of an overload of the cell's DNA repair system 
(Langley et al. 1988, Nuzhdin 1999). And all of these factors may be operat- 
ing simultaneously. 

Selection for Self-Recognition 

When a particular insert is transcribed and translated, and the resulting pro- 
tein is then involved in copying a different (unrelated) insert, the original in- 
sert gains nothing in terms of its own reproduction, but suffers whatever 
harm the transcription, translation, and transposition cause the host indi- 
vidual. It is worse than neutral. Hence elements will be selected to avoid this 
effect, and one way to do so is to produce proteins that preferentially copy 
the insert from which they are derived. LINEs have partly solved this prob- 
lem by having their proteins bind to the mRNA from which they are de- 
rived, but even here the mechanism is not perfect. In humans, new Alu ele- 
ment insertions are about as frequent as new LI insertions, suggesting that 
the mechanism is only about 50% effective. In general, selection on LINEs 
should be to increase this value. 
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For DNA transposons and LTR retrotransposons, in which this form of 
cis preference is not possible, the same selection pressure could produce a 
different outcome. In particular, there may be selection for a mutant ele- 
ment that produced a transposase that recognizes only the mutant DNA se- 
quence. This would require 2 genetic changes, in the transposase gene and 
in the DNA sequences recognized by the transposase. These changes could 
occur simultaneously but need not. For example, one can imagine that a 
mutant transposase could be selected because it was less active on the wild- 
type DNA sequences, and then mutant recognition sequences would be se- 
lected that are suitable substrates for the new transposase. Or, recognition 
sequences with greater affinity for the existing transposase might evolve, fol- 
lowed by a mutant transposase that only recognizes the new sequences. 
Note, though, that in terms of specificity, the as-acting sequences and the 
transposases will be selected in opposite directions, the former to be recog- 
nized by all extant transposases and the latter selected to recognize only its 
own sequence. 

This issue of self-recognition has implications for defining transposable 
element families (akin to defining species of more familiar organisms). Due 
to their CH-activity, different LINE inserts do not directly interact during 
transposition, and so the only way to group inserts into families based on 
function is to ask to what extent their future proliferation is limited by the 
same factors— in other words, to what extent they share the same genomic 
niche. The problem is analogous to defining species in wholly asexual taxa 
(Barraclough et al. 2003). For DNA transposons and LTR retrotransposons, 
there is the additional possibility of grouping inserts according to whether 
they are recognized by the same transposases. 

Defective and Repressor Elements 

If a particular transposable element with certain fixed properties is able to 
invade a gene pool when rare, as defined in the simple case by R> 1, it is eco- 
logically stable. This does not ensure the long-term persistence of the trans- 
posable element in the face of mutations that may arise and be selected for— 
that is, the element may not be evolutionarily stable. Recall, for example, the 
DNA transposon's modus operandi: it contains a gene that is transcribed 
into RNA and then translated into protein in the cell's cytoplasm. The 
transposase returns to the nucleus, recognizes a particular DNA sequence, 
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and is somehow involved in excising that sequence and inserting it else- 
where in the genome in a way that leads to a net increase in copy number. 
As we have seen, there is no way for the transposase to recognize which 
DNA sequence coded for its production. This means the system is open to 
parasites— DNA sequences that do not code for a transposase, but that still 
have the ax-acting sequences necessary to be recognized and acted on by 
transposase encoded by other elements. That is, defective or nonautono- 
mous elements can be complemented in trans and can accumulate in the ge- 
nome. 

Such nonautonomous parasitic elements appear to be very common. For 
example, in a typical D. melanogaster strain with P elements, only one-third 
of the copies are full length and functional, whereas two-thirds are nonau- 
tonomous elements that have suffered 1 or more deletions but still have the 
as-acting sequences necessary to be transposed (Engels 1989). In maize, Ac 
elements are functional transposons, and Ds elements are nonautonomous 
but mobilized by the transposase of Ac elements. Interestingly, Ds elements 
have multiple origins: some are simple deletion derivatives of Acs; Ds2 ele- 
ments have internal regions that are derived from Ac but have sustained 
multiple deletions and substitutions; and Dsl elements have only 13bp at 
one end and 26bp at the other in common with Ac, along with about 400bp 
of internal sequence that has no apparent homology to Ac but still has 
transposase-binding sites (Kunze and Weil 2002). Dsl elements are also mo- 
bilized by an independent class of DNA transposons called Uq {Ubiquitous) 
elements. Mu elements of maize have many such classes of nonautono- 
mous elements that are homologous neither to it nor to each other (Walbot 
and Rudenko 2002). Genome-sequencing studies have uncovered a pleth- 
ora of these nonautonomous transposable elements, sometimes called 
MITEs (miniature inverted-repeat transposable elements), or at least their 
remnants, typically 100-1000bp long (Feschotte et al. 2002). For example, 
even in the relatively small C. elegans genome, there are fossils of some 27 
families of MITEs, with a total copy number of about 7200, comprising sev- 
eral percent of the genome. 

LTR retroelements can also mobilize in trans sequences that have the nec- 
essary as-acting recognition sequences but do not encode the necessary pro- 
teins. For example, the Bsl LTR retroelement of maize does not have a pol 
gene, but instead carries a 654bp fragment of a host gene (a plasma mem- 
brane proton-translocating ATPase, Zmpmal; Bureau et al. 1994). The struc- 
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ture ofBsl is thus similar to that of vertebrate oncoviruses, retroviruses con- 
taining altered versions of host genes. Bsl is found in 1-5 copies in all maize 
lines analyzed and in its closest relative, teosinte. TRIM and LARD ele- 
ments are more widespread nonautonomous LTR elements of plants (Witte 
et al. 2001, Kalendar et al. 2004). Such elements are also found in animals: 
in our own genome there are remnants of some 300,000 MaLR elements, 
mostly solo LTRs, constituting about 4% of the genome (Lander et al. 
2001). Full-length elements have LTRs but no internal homology to retro- 
elements, and they are thought to have been mobilized in trans by ERV-L 
endogenous retroviruses (Smit 1999). 

Another variant class of transposon that can easily arise includes repres- 
sors of transposition. A mutant transposase that simply binds to a DNA 
transposon but is defective for excision will likely act as a repressor because 
it will interfere with the functioning of normal transposase. And if trans- 
posases function as dimers or multimers, a mutant transposase that binds to 
normal transposase but is otherwise defective will also act as a repressor 
("multimer poisoning"). Because the net effect of transposable elements is 
harmful to the host, natural selection at the level of whole organisms can in- 
crease the frequency of repressor elements. Again, the best data are for P ele- 
ments, for which at least some of the deletion derivatives act as repressors 
(Corish et al. 1996). One such element, called KP, is 1.2kb, less than half the 
length of intact elements, and it codes for a repressor that contains the 
DNA-binding domains but not others necessary for causing transposition 
(Lee et al. 1996, 1998). This element is very common in Eurasian popula- 
tions but less so in American populations, and it has been observed to 
spread through experimental lab populations (Black et al. 1987, Gloor et al. 
1993, Andrews and Gloor 1995). These repressor elements may be playing 
both ends of the stick: they reduce the overall number of transpositions, but 
if any is occurring, they are equally involved in the action. (Intact elements 
may also act as repressors, depending on their insertion site in the genome 
[Ronsseray et al. 1991, Gloor et al. 1993, Stuart et al. 2002], presumably be- 
cause they stimulate some mechanism of host defense.) The Spm element of 
maize has also given rise to a deletion derivative that acts as a repressor 
(Cuypers et al. 1988). Somewhat analogously, there are endogenous retro- 
virus insertions in mice that appear to have gone to fixation because they 
are partially defective and protect the mouse from an exogenous retrovirus 
(Gardner et al. 1991). 
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The evolution of such repressors may select for functional elements that 
avoid being repressed. If the repressor acts by binding to but not excising 
the DNA, there may be selection for elements that have different as-acting 
regions that would not be bound by the repressor but would still be bound 
by their own transposase. If the repressor works by multimer poisoning, 
there may be selection for changes in the protein-protein binding domains, 
such that the functional transposase binds to other copies of itself but not 
to the repressor. 

Extinction of Active Elements in Host Species 

Despite their proliferative capabilities, there is abundant evidence from ge- 
nome-sequencing studies that transposable elements often go extinct within 
a host species— that is, active copies of the element disappear from the spe- 
cies gene pool. In the human genome there are hundreds of thousands of 
inactive fossil DNA transposons, grouped into 63 families, all of which pro- 
liferated to varying extents, for varying lengths of time, in our ancestral gene 
pools and all of which are now completely inactive (Lander et al. 2001). 
Phylogenetic analysis for at least some of the families is consistent with a rel- 
atively short period of activity, followed by a long period of fossilization 
(Fig. 7.11). Similarly, there are remnants of at least 20 families of endoge- 
nous retroviruses in our genomes, each of which is thought to have invaded 
the germline over the last lOOmy and to have subsequently proliferated 
(copy numbers of full-length elements are estimated to range from 15-660, 
with many more solo LTRs), but most or all the families are now moribund 
(Tristem 2000). 

The leading explanation for such extinctions is that DNA transposons 
and LTR retrotransposons often complement defective elements in trans, al- 
lowing the defective ones to transpose and accumulate in numbers, driving 
the functional ones extinct (Lohe et al. 1995, Robertson 2002). Consistent 
with this hypothesis, the LI LINEs, which show m-preference in transposi- 
tion and therefore purifying selection against defective elements, have been 
continuously active in our genomes for at least 150my (Smit et al. 1995, 
Lander et al. 2001). Repressor LI elements may also arise less readily, be- 
cause the protein does not act as a multimer nor does it bind in trans to 
DNA or RNA. And the rDNA-specific Rl and R2 LINEs of arthropods ap- 
pear to have been continuously active for some 500my (Eickbush 2002). 
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Figure 7.11 Phylogenetic history of 2 families of DNA transposons in the human ge- 
nome. Each sequence is a different insert in the published genome sequence, identified 
by the accession number of the clone sequenced. For each family there is a burst of ac- 
tivity near the base of the tree and then long terminal branches to the tips. This is the 
pattern expected if the sequences are fossil remnants of a family that is no longer active. 
A. Relationships for 54 Himar inserts. B. Relationships for 24 Charlie3 inserts. Adapted 
from Robertson (2002). 
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But this is not to say that LINEs never go extinct. In our own genome, 
there are ancient remnants of L2 elements and 2 relatively low-copy-num- 
ber elements L3 and CRl_Hs, all of which are now moribund. Also, LI ele- 
ments appear to be inactive in some South American rice rats and marsh 
rats (Oryzomys spp. and Holochilus spp.; Casavant et al. 2000). Curiously, 
these species can also have extremely variable karyotypes: Koop et al. (1983) 
found that, of 10 rice rats examined from a single isolated population, each 
one had a different karyotype, and Nachman and Myers (1989) found 26 
different karyotypes among 42 marsh rats examined. Casavant et al. (2000) 
speculate that this may indicate a role for LI elements in chromosomal re- 
pair, but there is little independent data to confirm this. In insects too, 
LINE extinction does seem occasionally to happen. / elements, for exam- 
ple, appear to have been present in the D. melanogaster gene pool, to have 
gone extinct in at least some populations, and then to have reinvaded, ei- 
ther from other populations or perhaps from D. simulans, by introgression 
(Bucheton et al. 2002). And, the rDNA-specific LINE R2 appears to have 
been lost from the common ancestor of D. erecta and D. orena (Lathe and 
Eickbush 1997). 

Mathematical modeling of the spread of defective and repressor elements 
has confirmed that, under a wide range of conditions, nonautonomous and 
repressor elements can increase in frequency and drive intact elements ex- 
tinct (Kaplan et al. 1985, Charlesworth and Langley 1986, Brookfield 1991, 
1996). This process is facilitated under the following conditions: 

• If there is a large cost of transposition for the host. Considering for sim- 
plicity just the DNA transposons, the cost to the host of a particular in- 
sertion can be divided into 3 components: (1) The effect of the DNA in- 
sert itself, on neighboring genes, on ectopic recombination, and so on. 
All elements will pay this cost. (2) The effect of the element being a sub- 
strate for transposase and thus introducing a double-strand gap and 
transposon insertions elsewhere in the genome. This cost depends on 
the affinity of the insertion for transposase. (3) The effect of any protein 
produced by the insertion on making elements (including itself) trans- 
pose. Nonautonomous elements avoid this cost, and repressor elements 
turn it into an advantage. The evolutionary fate of a transposable ele- 
ment family in a gene pool depends on the relative magnitude of these 
3 costs. If the latter 2 costs are high, then, as elements accumulate in 
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the genome, the production of transposase has more and more deleteri- 
ous effects, thus selecting for nonautonomous and repressor elements 
(Charlesworth and Langley 1986, Brookfield 1991, 1996). As indicated 
earlier, there is no clear consensus about which of the many costs of an 
insertion are the most important. To help resolve the issue, it will be in- 
teresting to see whether new insertions that are unable to transpose, or 
unable to make a transposase (dead-on-arrival elements), typically drift 
to higher frequencies than functional inserts— if so, it would be evidence 
for the importance of costs associated with transposition itself (Yang 
and Nuzhdin 2003). 

• If the variant element, either nonautonomous or repressor, has a trans- 
position advantage compared to intact ones within the same host. For 
example, among artificially engineered Tcl/mariner elements, the fre- 
quency of transposition increases with smaller insert size (Lampe et al. 
1998, Plasterk et al. 1999). Thus, deletion derivatives may have a trans- 
positional advantage. More generally, elements that specialize at being a 
substrate for transposition— without the constraint of having to code for 
a transposase— may achieve higher rates of transposition. 

• If mutation is biased such that intact elements give rise to nonautono- 
mous (or repressor) elements more often than vice versa (Kaplan et al. 
1985). This seems inevitable for all transposable elements. Among 
DNA transposons, those like P that induce recombinational repair of 
excision sites produce more deletion derivatives than those like Tam3 
that rely on end-joining. They may therefore be more susceptible to the 
accumulation of nonautonomous copies (Yamashita et al. 1999). As we 
have seen before, what is selected for in the short term may be harmful 
in the long term. 

Note that if LTR retroelements evolve high ratios of gRNA:mRNA, as pre- 
dicted by the model of Box 7.2, this will retard the spread of non- 
autonomous elements that effectively produce 100% gRNA— all else being 
equal, such elements are away from the optimum and will be selected 
against (Nee and Maynard Smith 1990). This may make LTR retroelements 
less prone to extinction than DNA transposons. Endogenous retroviruses in 
the human genome typically show a higher rate of synonymous than non- 
synonymous nucleotide changes, consistent with some purifying selection 
for function and transposition rates being limited by the abundance of 
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element-encoded proteins (Belshaw et al. 2004, 2005). This will most obvi- 
ously be the case if there is often only a single active element in a cell, but 
could hold more generally 

Other possible causes of extinction (particularly for LINEs) are competi- 
tion from other transposable elements (e.g., LI elements appear to have re- 
placed L2 elements in our genomes, although cause and effect is unclear) or 
the evolution of host repressors. 

Horizontal Transmission and Long-Term Persistence 

For DNA transposons, the general picture to emerge is as follows. When an 
intact element first invades a gene pool, it is rare and increases in frequency 
rapidly. Only functional elements are able to invade a new species, and ele- 
ments producing a relatively large amount of transposase invade the fastest. 
Once there are several or many copies per genome, each producing a lot of 
transposase, transposase production becomes more and more costly, by 
causing more and more chromosome breaks. Nonautonomous and repres- 
sor elements then begin to accumulate. These may eventually drive the in- 
tact elements extinct. How then can intact elements persist over long evolu- 
tionary timespans? The answer seems to be horizontal transmission. The 
element can occasionally jump to a new gene pool, leaving the nonautono- 
mous and repressor elements behind. As long as this happens (on average) 
at least once before the element goes extinct in the original species, it can 
persist over evolutionary time. Note that this condition for evolutionary 
persistence is analogous to the condition for ecological persistence, but at a 
new level. Just as a new insertion has a limited lifespan and the element 
must jump to a new site on average at least once before the insertion goes 
extinct, so a new gene pool colonization has a limited lifespan and the ele- 
ment must jump to a new species at least once before extinction. 

This general picture presupposes a great deal of horizontal transmission 
of transposable elements among species— what is the evidence for this? We 
have already noted that P elements have recently invaded the D. melano- 
gastergene pool, an inference based on 3 observations (Engels 1992): (1) old 
strains tend not to have P elements, whereas all recently collected strains do 
(see Table 1.1); (2) P elements appear to be absent from the closest-known 
relatives, D. simulans, D. sechellia, D. mauritiana, and D.yakuba (Daniels et al. 
1990, Clark et al. 1998); and (3) they are present in more distantly related 
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species, including D. willistoni, from which a P element has been sequenced 
that is only lbp different from the canonical D. melanogaster sequence 
(Daniels et al. 1990). These species are believed to have diverged about 
50mya. Evidence similar to (2) and (3) also suggests a recent transfer of/' ele- 
ments from Scaptomyza pallida to the sibling species D. bifasciata and D. 
imaii (Hagemann et al. 1996). P elements in the 2 species are only 0.4% dif- 
ferent, despite the species having diverged more than 35mya. 

hobo is another DNA transposable element that appears to have invaded 
D. melanogaster sometime this century. The oldest strains show weak hybrid- 
ization to a hobo probe, and no obvious activity, while all recently collected 
strains have the complete element (Pascual and Periquet 1991, Boussy and 
Daniels 1991). Moreover, elements in 3 different species (melanogaster, sim- 
ulans, and mauritiana) differ by only 0.08% to 0.2% at all sites, compared to 
about 5% divergence at silent sites for ordinary loci (Simmons 1992). The 
direction of transfer is not yet clear (note these species can hybridize), nor is 
it clear whether the element was introduced to the species group from an- 
other species, perhaps outside the genus. 

Apart from D. melanogaster, the best evidence of horizontal transmission 
of DNA transposons is for mariner elements: 

• mariner elements from D. mauritiana and Zaprionus tuberculatus differ at 
only 3% of nucleotides, despite the hosts being thought to have di- 
verged at least 50mya (Maruyama and Hard 1991). A normal host gene 
(Adh) differs in the 2 species at 18% of sites. Also, some species that are 
more closely related to D. mauritiana than is Z. tuberculatus do not have 
such closely related mariner elements. Finally, a phylogeny of mariner el- 
ements from Z. tuberculatus and 5 Drosophila species is significantly dif- 
ferent from that of the host species. The authors conclude that there has 
been a horizontal transfer event into an ancestor of Z. tuberculatus. 

• mariner elements in D. erecta are only 3% different from those in the cat 
flea, Ctenocephalides felis, despite the hosts being in different orders 
(Loheetal. 1995). 

• In a PCR survey of 400 species of insects, a cluster of closely related 
mariner elements was found in the distantly related Drosophila ananassae 
(fruitfly), Anopheles gambiae (mosquito), Haemotobia irritans (hornfly), 
and Chrysoperlaplorabunda (green lacewing) (Robertson and Lampe 1995). 
The consensus sequences of mariners from the green lacewing and horn- 
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fly differ by just 2bp out of 1044 (and 1 amino acid). The mosquito con- 
sensus differs from these two by 4 and 5 amino acids, respectively. The 
hornfly and fruitfly are in different families, estimated to have separated 
lOOmya; both are in a different suborder from the mosquito, estimated 
to have separated at least 200mya; and all 3 are in a different order from 
the lacewing, estimated to have diverged over 265mya. 

Other examples include horizontal transmission from a moth to a parasi- 
toid wasp (Yoshiyama et al. 2001) and between fish and frogs (Leaver 2001). 

Besides insects and vertebrates, Tcl/mariner elements are also found in 
other invertebrates, fungi, and plants. This wide taxonomic distribution, 
plus the relatively distant horizontal transfers, presumably reflects a low reli- 
ance on taxon-specific host factors for transposition. Indeed, transposition 
has been observed for elements artificially introduced into Leishmania pro- 
tozoans, and into bacteria, as well as in vitro (Gueiros-Filho and Beverley 
1997, Rubin et al. 1999). By contrast, P elements appear not to be active out- 
side a relatively small set of dipterans (O'Brochta and Handler 1988, Perkins 
and Howells 1992). mariner elements are generalists, while P elements are 
specialists. 

LTR retroelements can also move between species. The copia elements of 
D. melanogaster and D. willistoni are identical— a clear sign of recent transfer— 
despite the species having separated some 50mya (Jordan et al. 1999). These 
are the same 2 species involved in the transfer of /'elements, but this time 
it was in the opposite direction: copia is abundant and widespread in D. 
melanogaster and relatives, but it is rare or patchily distributed in D. willistoni. 
The species' ranges are thought to have overlapped for only the last 200 
years, implying that horizontal transmission need not be a rare event, given 
the opportunity, at least in some taxa. Phylogenetic analysis of gypsy ele- 
ments in Drosophila species suggests a complex history of vertical descent 
and horizontal transfers (Terzian et al. 2000, Vazquez-Manrique et al. 2000), 
and similarly for LTR retroelements in some echinoderms (Gonzalez and 
Lessios 1999). 

Some LINEs have also undergone at least occasional horizontal trans- 
mission (Zupunski et al. 2001; Fig. 7.12), though this is not universal: Rl 
and R2 show no evidence of horizontal transmission among arthropods 
(Eickbush 2002). A reduced frequency of horizontal transmission compared 
to DNA transposons and LTR retroelements may be expected because the 
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Figure 7.12 Sequence divergence of LINEs as a function of the estimated divergence 
time of their hosts. Data are for the RTE clade of LINEs. Note that 3 clusters of points 
fall below the curve passing through most other points, suggesting horizontal transmis- 
sion: A (elements in cows and snakes), B (snakes and silk moths), and C (medaka fish 
and plants). Adapted from Zupunski et al. (2001). 



extrachromosomal phase of the replication cycle is entirely RNA, which is 
less stable than DNA. LINEs may also be less likely to insert into viral 
genomes (plausible vectors of horizontal transfer) because host DNA repair 
mechanisms are required for proper insertion, and these may not be associ- 
ated with viral genomes (Malik et al. 1999). Nevertheless, we will be sur- 
prised if further instances of LINE horizontal transfer are not soon found, 
particularly among the protists and fungi, for horizontal transmission of 
HEGs has been documented in these taxa and they have no extrachromo- 
somal phase at all in their replication cycle (see Chap. 6). Even infrequent 
cytoplasmic mixing between filamentous fungi of different species should 
allow LINE transfer. 

The means by which all these horizontal transmission events occur is un- 
known. One plausible class of vectors are viruses, and an LTR retroelement 
from the host genome has been recovered from nuclear polyhedrosis vi- 
ruses (NPVs) grown in insect cell cultures (Miller and Miller 1982, Fraser 
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1986). To the extent that NPVs are important vectors, we would expect hori- 
zontal transmission among Lepidopteran species (the most common hosts) 
to be more frequent than among other hosts. Other possible vectors are 
predatory mites (Houck et al. 1991) and parasitoid wasps, which may act as 
natural syringes for transferring DNA from one insect species to another, or 
aphids, which may transfer DNA from one plant species to another. 

The importance of horizontal transmission in the distribution of trans- 
posable elements suggests that taxa with more easily accessible germlines are 
likely to have more families of transposable elements. Inaccessibility of the 
germline may explain, for example, why DNA transposons and LTR ele- 
ments (other than endogenous retroviruses) appear to be rare in birds and 
mammals. 

Transposable Elements in Inbred and Outcrossed Populations 

As for other selfish genetic elements, a key factor likely to be important in 
the distribution and abundance of transposable elements is the host breed- 
ing system (Hickey 1982, Wright and Schoen 1999, Morgan 2001). In an in- 
breeding population, inserts will usually be homozygous, increasing their 
deleterious effects on the host (s), and therefore reducing their net reproduc- 
tive rate (R). More generally, inbreeding increases the variance in copy num- 
ber among individuals, and therefore the efficacy of natural selection in re- 
ducing their numbers. This may explain why DNA transposons and LINEs 
are absent from S. cerevisiae. This yeast is highly inbred and, as already 
noted, also has a dense genome (and so randomly inserting elements are 
likely to be particularly harmful). These 2 factors combined may prevent 
these elements from invading the gene pool and restrict the transposable 
element community to LTR retroelements that target safe havens. Other 
fungi have both DNA transposons and LINEs (Kempken and Kiick 1998), 
and DNA transposons have been artificially introduced into yeast (Weil and 
Kunze 2000), and so their absence seems more likely to be due to high s 
than low t (transmission rate). Information on the transposable element 
content of outcrossing yeasts would be particularly interesting. 

Host breeding system is also likely to affect transposable element evolu- 
tion. In particular, in inbred hosts a daughter element (and any associated 
harmful effects) will remain associated with the parental element for more 
generations, and so selection for "prudent" transposition will be stronger, 
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and evolutionarily stable transposition rates lower (Charlesworth and Langley 
1986). The transposable elements of C. elegans and A. tbaliana (both selfers) 
are apparently less active than those of D. melanogaster and Z. mays, consis- 
tent with this hypothesis, though closer comparisons would clearly be of in- 
terest. 

Beneficial Inserts 

So far we have assumed that almost all transposable element inserts are 
harmful to the host organism, and so each insert will tend to be driven ex- 
tinct by natural selection on the host. And, at least for Drosophila, this seems 
to be a reasonable assumption. The best data come from insertion site fre- 
quencies, which show much the same pattern as they do for P elements, 
with insertions of any 1 transposable element at any 1 site being rare (Leigh 
Brown and Moss 1987, Charlesworth and Lapid 1989, Charlesworth et al. 
1992, Biemont et al. 1994, Aulard et al. 1995; Fig. 7.13). These distributions 
are consistent with the estimates from laboratory studies of t and s being 
about 10" 4 . Most of the transposons of D. melanogaster are also present in 
the sibling species D. simulans, and these also show low site occupancies 
(Nuzhdin 1995; for a rare exception for copia, see Vieira and Biemont 1996). 
These observations suggest the following conservative calculation: suppose 
the 2 species have a combined population of a million individuals, that they 
have been separated for a million generations, that each individual has a 
thousand active transposable elements, and that their rate of transposition 
is 10~ 4 . Then, there have been at least 10 6 X 10 6 X 10 3 X 10~ 4 = 10 11 inser- 
tion events since their separation. The genome itself is only 1.2 X 10 8 bp 
long. Given this, it is striking (and even surprising) that so few beneficial 
mutations have occurred and fixed. That said, some fixed insertions are not 
visible by in situ hybridization, and it will be interesting to estimate the true 
rate of fixation from genome sequence data (Petrov et al. 2003, Bartolome 
and Maside 2004). 

Laboratory selection experiments appear, at face value, to give a different 
picture. In experiments with D. melanogaster, Torkamanzehi et al. (1992) 
found a significantly greater response to selection on bristle number in in- 
bred lines with active P elements compared to lines without. Similar results 
were obtained by Frankham et al. (1991) in selection on inebriation times. 
These results suggest that particular insertions may be beneficial, at least in 
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some selective environments. The discrepancy presumably arises because 
the laboratory selection experiments are on much smaller populations, in 
which the supply of mutations will be more limiting than in natural popu- 
lations. 

The low site occupancies observed in Drosophila are by no means univer- 
sal, and in other species many transposable element insertions have gone to 
fixation. In our own genome there are remnants of some 4 million trans- 
posable element insertions, the vast majority of which are fixed. One of the 
key unanswered questions in transposable element biology is what fraction 
of these (and others like them in other species) went to fixation because they 
were beneficial to the host and what fraction were effectively neutral, fixed 
by drift and selection at a linked locus (hitchhiking). In some cases, frag- 
ments of host genes (particularly the control regions) appear to be derived 
from transposable element insertions, suggesting the inserts may have been 
beneficial from the beginning. This pattern seems particularly common for 
MITEs. Tourut-7.mil provides the core promoter for the maize auxin-bind- 
ing gene; the location of one rice MITE, Ditto-Os2, appears to correspond 
to the TATA box of the rice homeobox gene Knotted-1; and Gaijin-Sol prob- 
ably supplies the polyadenylation signal and site for a sugarcane transporter 
gene (Bureau et al. 1996). Various contributions of transposable element se- 
quences to the regulatory regions of human genes are reviewed by Jordan et 
al. (2003) and van de Lagemaat et al. (2003). 

Whatever the reason for an insert going to fixation— whether it was bene- 
ficial to the host or hitchhiked along with a beneficial gene— this will (almost 
inevitably) have a dramatic effect on the population biology of the element. 
In the model presented earlier, each insert was found in an average of 1A in- 
dividuals before going extinct. But inserts with a beneficial effect s have a 
probability 2s of going to fixation, in which case it will go extinct as a 
transposable element only when a mutant arises and fixes that keeps the 
beneficial effect but is no longer able to transpose. An enormous number of 
individuals will then be carriers. Even a relatively low probability of this oc- 
curring (10~ 3 ? 10~ 6 ?) could have a dramatic effect on an element's net rate of 
increase (R). The only way this effect would not be important for R is if the 
only inserts that are beneficial are nonfunctional from the start (dead-on- 
arrival)— in other words, if the benefit caused was typically smaller than 
the cost to the organism of an active insert. 

There is a link here between this disproportionate effect of a small pro- 
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portion of beneficial mutations and Leigh's (1970, 1973) classic ideas on the 
evolution of mutator genes— genes that affect the rate at which other genes 
in the genome mutate. The key insight is that the evolution of mutators de- 
pends on whether the population is sexual or asexual. If the population is 
largely sexual, all that matters is the average effect of new mutations. Be- 
cause most new mutations are deleterious, selection will be for ever-lower 
mutation rates. More precisely, an allele decreasing the mutation rate by an 
amount A[i will have a selective advantage of Apis, where s is the average se- 
lection coefficient against new mutations. Mutation rates will evolve ever 
lower, until this benefit no longer compensates for any physiological disad- 
vantage (e.g., slower DNA replication). Alleles causing increased mutation 
rates cannot benefit from the small minority of beneficial mutations they 
cause because they recombine away from each other in an average of 2 gen- 
erations (assuming free recombination between the mutation rate locus and 
the beneficial mutation), too short a time for selection of the beneficial mu- 
tation to increase the frequency of the mutator allele. 

In asexual populations, on the other hand, an allele causing increased 
mutation rates remains linked to any beneficial mutations it causes, and 
goes to fixation along with them. If the environment changes sufficiently of- 
ten that a mutator can produce a steady stream of beneficial mutations, mu- 
tation rates may evolve to be higher than in sexual populations. This is so 
even if the average effect of mutations is still negative. (Alternatively, if the 
environment is so constant that beneficial mutations never arise, mutation 
rates may evolve to be lower in asexual taxa, because of the permanent link- 
age between the mutator alleles and the deleterious mutations they cause.) 

Transposable elements in sexual populations should behave like con- 
ventional mutators in asexual populations, because of the inherent linkage 
between the element and the (insertional) mutations it causes. Indeed, a 
purely cut-and-paste transposable element that has no mechanism for in- 
creasing in copy number when it transposes, and whose average effect is 



Figure 7.13 The frequency of inserts is shown for copia, mdgl, mdg3, gypsy, and P ele- 
ments along the 5 main chromosomal arms (X, 2L, 2R, 3L, 3R). Each dot represents a 
chromosome with an insert at that site; numbers in parentheses are the number of chro- 
mosomes analyzed for X chromosomes and autosomes, respectively. In general, inserts 
are well scattered but not completely random. Adapted from Biemont et al. (1994). 
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harmful to the host, could still spread through a population by hitchhiking 
with a minority of beneficial mutations. We are not aware of any trans- 
posable element that fits this description. All the ones we know of have an 
inherent tendency to increase in copy number when they transpose. But 
this may just reflect the fact that, if such an element were to exist, there 
would still be strong selection for a mutant element that over-replicated. If a 
transposable element in a sexual population did persist purely by the occa- 
sional creation of a beneficial mutation— in other words, they functioned as 
mutators, to increase the variation on which natural selection acts— their av- 
erage effect would likely still be deleterious, and host genes would be se- 
lected to suppress their activity. There would be a conflict of interest over 
mutation rates, and it would still be appropriate to call them selfish genetic 
elements. 

In wholly asexual taxa there can be no genetic conflict of interest over 
mutation rates. If transposable elements produce a small fraction of bene- 
ficial mutations, there may be no selection in asexual taxa to suppress their 
activity. Also, selection on transposable elements to be replicative should be 
weaker, and perhaps truly conservative transposition will be found in asex- 
ual eukaryotes. On the other hand, there would be no need for the trans- 
posase to be encoded by the transposing elements: it might just as well be 
encoded by a stable host gene that moves around unrelated segments of 
DNA that may have beneficial effects (e.g., promoters?). Bdelloid rotifers, 
long thought to be wholly asexual, have both DNA transposons and LTR 
retrotransposons (Arkhipova and Meselson 2000, Arkhipova et al. 2003), 
and these will be fascinating to study further. 

Because the rare ability to cause beneficial insertions can have a dramatic 
effect on R, there may be selection for variants that are able to cause an in- 
creased frequency of beneficial mutations. Do transposable elements have 
adaptations to increase the probability of being useful to the host, even if of 
just one in a thousand insertions? Such adaptations are perhaps most likely 
to be found in nonautonomous elements like MITEs and SINEs, both be- 
cause they are less constrained in terms of having to produce functional 
proteins and because they are less costly to the organism, and so more likely 
to go to fixation. Intriguingly, both the mouse B2 SINE and the human LI 
LINE have antisense RNA polymerase II transcription promoters that do 
not serve any obvious purpose in increasing their own transposition but 
can drive the transcription of upstream host genes (Ferrigno et al. 2001, 



276 



Transposable Elements 



Nigumann et al. 2002). Perhaps they have evolved because occasionally the 
novel transcript they generate is positively beneficial to the organism. 

In principle, much the same considerations apply to the possible increase 
in frequency of a transposable element insertion by biased gene conversion 
(BGC; see Chap. 6). That is, in species in which insertions have a conver- 
sion bias over wildtype, transposable elements will have a much easier time 
spreading. If some insertions have a positive bias and others negative— for 
example, because of differences in genomic location— the former will have a 
disproportionate effect on R. And if there is any way for transposable ele- 
ments to evolve a positive conversion bias, there will be strong selection for 
them to do so. But the interaction of transposable elements and BGC has 
barely been studied. Vincent and Petes (1989) showed that heterozygous Ty 
insertions in yeast have an overall gene conversion bias in favor of duplicat- 
ing the Ty element to the homologous chromosome at both mitosis and 
meiosis, though the extent of bias appeared to vary for insertions at differ- 
ent locations. And recently, Ben-Aroya et al. (2004) have shown that Ty ele- 
ments have a compact chromatin structure that extends some way into the 
flanking DNA. This compact structure may have evolved to reduce the fre- 
quency of ectopic exchange between Ty elements— if so, it may be an adapta- 
tion of the host, the element, or both. This compact structure may also pro- 
tect the DNA from double-strand breaks, and so give the Ty element a gene 
conversion advantage, which would be of benefit to itself but not the host. 
We speculate that variation in the ability of transposable elements to spread 
by BGC may account in part for the otherwise-mysterious differences among 
species in their propensity to accumulate and fix transposable element in- 
sertions. 



Rates of Fixation 

Information on the rate of fixation of transposable element insertions in 
host genomes is beginning to accrue from genome-sequencing projects. 
Here we review recent studies on mammals and on maize. 

Mammals. As we have already noted, there are some 4 million transpos- 
able element inserts detectable in our genome (Table 7.1). Together they 
make up about half of the genome. By comparison, there are about 30,000 
protein-coding genes, and only about 1.5% of the genome is translated. 
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Table 7.1 Approximate transposable element composition of the human genome 



% of Genome 





No. of Inserts 


Total 


Last 75my* 


DNA transposons 


400,000 


3 


1 


LINEs 


1,000,000 


21 


8 


SINEs 


2,000,000 


14 


11 


LTR retroelements 


600,000 


9 


4 


Total 


4,000,000 


46 


24 



* Transposable element inserts acquired in the last 75my (i.e., not shared with mice). 
From Lander et al. (2001) and Waterston et al. (2002). 



Most of the inserts are inactive fossils and are fixed in the species— indeed, 
they range in age up to 150-200my. Presumably there are more that are 
older still but are undetectable because they have mutated beyond recogni- 
tion. About half of these inserts (or a quarter of the whole genome) ap- 
peared since our last common ancestor with mice, about 75mya (Waterston 
et al. 2002). As a long-term average, this is equivalent to the new addition of 
lOkb every 1000 years. Mammalian genome sizes are relatively homoge- 
neous and are not thought to have changed much over this time, and so an 
equivalent amount of DNA has probably been lost. 

In the lineage leading to modern-day mice, transposable elements have 
been slightly more active on average, and the turnover slightly greater (about 
one-third of the genome new since the split with humans). At least some of 
this difference is presumably due to a shorter average generation time in 
the mouse lineage, and therefore greater number of generations. Currently, 
mice also have a greater diversity of active elements, including LTR retro- 
elements. Over more recent times, Lis have shown much lower rates of ac- 
cumulation in humans than in mice and rats per unit time, but approxi- 
mately equal rates per generation (Table 7.2). The latter is somewhat 
surprising, because mice have about 30-fold more inserts that are active 
than humans do (—3000 vs. 100; Sassaman et al. 1997, DeBerardinis et al. 
1998, Goodier et al. 2001), and the probability of a new mutation being due 
to an LI insertion is about 30-fold higher in mice (see earlier). Chimpanzees 
and bonobos apparently show a 2- to 3-fold higher accumulation rate of LI 
elements (per unit time) than do humans (Mathews et al. 2003). 

A highly indirect estimate for the frequency of humans with a novel in- 
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Table 7.2 


Accumulation rates 


for LI LINEs 








Element 


Time Span 
Studied (my) 


Accumulation Rate 


Species 


per 1000 Years 


per Generation 


Humans 

Rats 

Mice 


LlTa 

J-, 1 t\Jlmhu2-rn 

LlTf 


3.5 

0.45 

0.32 


0.2 
12 

5 


0.004 
0.006 
0.0025 



From Boissinot et al. (2000). 



sertion is about 1 in 16, or 0.06 (Kazazian 1999), about 10-fold higher than 
the rate of accumulation in the genome. Taken at face value, this would in- 
dicate that the rate of accumulation is only one-tenth of what it would be if 
inserts were selectively neutral— that is, the net effect of selection is to re- 
move elements. Just as with conventional mutations, a minority of inserts 
may be beneficial, but the majority will not be. Selection in mice would ap- 
pear to reduce the rate of accumulation even more, to 1/300 of the neutral 
rate. Perhaps this is due to a larger effective population size. Why mice have 
a greater number of active elements than humans is not clear. 

A striking example of local variation in fixation rates occurs in Microtus 
agrestis, in which a nonautonomous LINE-like element has reached 200,000 
copies per diploid genome, compared to 1000 copies in related species 
thought to have diverged 0.7mya (—3.5 million generations; Neitzel et al. 
2002). For unknown reasons, many of these copies (40%) are in the sex 
chromosome heterochromatin. 

Maize. Maize and sorghum are 2 species that diverged some 15-20mya 
and currently differ in genome size by a factor of about 3.5 (2400Mb vs. 
750Mb, respectively; SanMiguel et al. 1998, Tikhonov et al. 1999). In a 
240kb region of the maize genome near the Adh-1 gene, there are 2 1 LTR 
retrotransposons and 2 solo LTRs, belonging to 11 different families; to- 
gether they make up about two-thirds of the region. Many of the elements 
are nested, one inside the other: 14 of the 23 inserts are found in preexisting 
inserts, including 5 of the 6 most recent (Fig. 7.14). Preexisting inserts are 
likely to be "safe havens" for new inserts, because inserting there is unlikely 
to be harmful to the host. Not one LTR retrotransposable element was 
found in the homologous region of the sorghum genome. By comparing 



279 



GENES IN CONFLICT 



Grande-zml Opie-l 

Huck-l\ lji-l Ji-6 Opie-3 Ji-5so\o 





Tekay / Opie-2 Huck-2 Ji-2so\6\]i J il Ji-A Cinful-1 

' T 

Roina jKako-l Kako-2 Opie-4 




-> <- 10 kb ■> 

adhl-F psg u22 

Figure 7.14 Nested arrangement of LTR retrotransposons in maize. More than half the 
inserts are into other inserts. Names indicate the family to which the inserts belong. The 
positions of 3 host genes are also indicated, at the bottom. Adapted from SanMiguel 
et al. (1998). 



the LTRs of a single insert (the divergence of which gives an estimate of the 
time since insertion), it is estimated that at least 15 of them were inserted in 
the last 3my, as well as the 2 solo LTRs, totaling about 120kb (50% of the re- 
gion analyzed). If one extrapolates to the whole genome, the results suggest 
that there have been some 170,000 inserts in the last 3my, or about 1 every 
20 years, leading to a doubling of genome size. It would be interesting to 
know the genome-wide transposition rate, as a basis of comparison. And the 
relative contributions of drift, biased gene conversion, and natural selection 
to these fixation events remains unknown. 

Transposable Elements and Host Evolution 

We saw in the last two sections how transposable element insertions can 
provide new beneficial mutations for their hosts and can also be major play- 
ers in the evolutionary dynamics of host genomes. We now review other 
ways they can be important for the host in providing mutational variation, 
both of chromosomal structure and molecular mechanisms. The impor- 
tance of transposable elements as generators of mutational variability comes 
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from the fact that they produce mutations that are unlikely to arise by any 
other means (e.g., during DNA replication). 

Transposable Elements and Chromosomal Rearrangements 

Transposable elements can cause duplications, deletions, and rearrange- 
ments of host genetic material in a bewildering number of ways. As with 
new inserts, most of these are expected to be harmful to the host, but some 
fraction will inevitably be beneficial. The position of genes along chro- 
mosomes often differs between closely related species (e.g., Carson 1983 
for Drosophila species), indicating that some fraction of rearrangements do 
spread to fixation. And, at least some naturally occurring chromosomal rear- 
rangements are associated with transposable elements. For example, in D. 
melanogaster, 3 low-frequency chromosomal inversions found in the Hawai- 
ian islands were found to have hobo elements at each of their breakpoints, 
and a fourth had it at one end (at least to the level of resolution possible 
by in situ hybridization; Lyttle and Haymer 1992). More recent sequenc- 
ing studies have associated transposable elements with rearrangements in 
D. buzzatii, mosquitoes, yeast, and humans (Kim et al. 1998, Mathiopoulos 
et al. 1998, Schwartz et al. 1998, Caceres et al. 1999, Hughes and Coffin 
2001). 

The simplest mechanism by which transposable elements can cause a 
chromosomal rearrangement is by participating in an ectopic recombina- 
tion event. That is, there can be homologous recombination between more- 
or-less identical sequences that are inserted at different locations in the ge- 
nome. Depending on their relative positions and orientations, this can lead 
to a duplication, deletion, inversion, or translocation (Fig. 7.15). 

As well as passively participating in ectopic recombination, DNA trans- 
posons can more actively cause chromosomal rearrangements in the follow- 
ing ways : 

• Alternative transposition. Transposase normally cleaves at the 2 ends of a 
single insert, but occasionally it can "accidentally" cleave ends belong- 
ing to 2 different inserts. If the inserts are on the same chromatid, the 
entire intervening sequence will be transposed; if the inserts are on dif- 
ferent chromatids, more complex rearrangements will result (Dowe et 
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Figure 7.15 Chromosomal rearrangements caused by recombination between 
transposable element inserts at different locations in the genome. Each of these possi- 
bilities has been observed to occur in yeast. Adapted from Roeder and Fink (1983). 
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al. 1990, Harden and Ashburner 1990, Lovering et al. 1991, Zhang and 
Peterson 1999, Gray 2000). 

• Alternative end-joining. Gaps left after excision of a DNA transposon are 
sometimes repaired simply by ligating the 2 ends back together, and if 
more than 1 element is excised simultaneously, the broken ends may 
then get rejoined in the "wrong" order, leading to inversions and trans- 
locations (Engels and Preston 1984). 

• Misrepair. Repair of excision events is sometimes associated with com- 
plex DNA rearrangements. For example, Kloeckener-Gruissem and 
Freeling (1995) report on a Mu DNA transposon in the promoter region 
of the maize Adh gene, and an excision event that resulted in "promoter 
scrambling": the duplication, deletion, and inversion of flanking host 
sequences. This in turn resulted in novel tissue-specific patterns of ex- 
pression. Because the transposon has excised, the role of a transposable 
element in generating this diversity would be difficult to detect just by 
examining the DNA sequence after the event. 

In addition, the reverse transcriptase activity encoded by retroelements can 
produce the following large-effect mutations: 

• Gene duplication. LINE proteins can "accidentally" reverse transcribe the 
wrong mRNA into the genome, leading to duplication of a host gene. 
These inserts will differ from the original host gene in having the struc- 
ture of mRNA: untranscribed promoters and introns will be missing, 
and there will be an A-rich tail; it will also usually be bounded by direct 
repeats of the target site, created at the time of insertion. Usually, the 
new insert will not be functional, in which case it is called a processed 
pseudogene (Box 7.4). Very occasionally, the new gene will be func- 
tional, code for a protein, be selectively advantageous, and go to fixa- 
tion. The testes-specific phosphoglycerate kinase (PGK) gene of mam- 
mals is probably one such example (McCarrey and Thomas 1987). PGK 
is an enzyme involved in glycolysis, the extraction of energy from sim- 
ple sugars. Most mammals have 2 functional loci encoding the enzyme, 
PGK-1 on the X chromosome and PGK-2 on an autosome. PGK-1 is ac- 
tive in somatic cells and premeiotic germ cells, but along with other X- 
linked genes is inactive during male meiosis (see Chap. 3). Fructose is 
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BOX 7.4 

Processed Pseudogenes 

Processed pseudogenes are nonfunctional copies of normal host 
genes that have been made by reverse transcription of mRNAs 
(Vanin 1985, Weiner et al. 1986, Wilde 1986). The reverse transcrip- 
tase used in pseudogene formation is thought to come from LINEs 
(Dornburg and Temin 1990, Tchenio et al. 1993, Esnault et al. 
2000), and the predominance of LINEs over LTR retroelements 
in mammalian genomes may explain why processed pseudogenes 
are more common in mammals than in other taxa (Drouin and 
Dover 1987, Jeffs and Ashburner 1991). Estimates of the number 
of processed pseudogenes in the human genome range from 3600 
to 13,000 (Zhang and Gerstein 2004). Genes that are highly tran- 
scribed in the germline should be more likely to form pseudogenes 
than those that are not. In our genomes there are many processed 
pseudogenes for/3- and y-actin, which are expressed in all cells, but 
none for a-cardiac or a-skeletal muscle actin, which are somatic tis- 
sue specific (Ponte et al. 1983). 

Processed pseudogenes differ from SINEs (and LINEs) in typi- 
cally not having internal promoters (most host genes do not have 
them), and so most will not be transcriptionally active— hence, they 
are dead ends in terms of retrotransposition. They are only one, or 
perhaps a few, retrotranspositional generations removed from the 
original host gene. In contrast to LINEs and SINEs, they have not 
had the opportunity to evolve adaptations for retrotransposition. 

As with transposable elements, most processed pseudogenes are 
thought to be fixed in the human genome, though broad popu- 
lation surveys are rarely performed and examples of polymorph- 
isms do exist (e.g., a dihydrofolate reductase pseudogene; Anagnou 
et al. 1984). As with the fixed transposable elements, the relative 
importance of drift, selection, and biased gene conversion is un- 
clear. Once formed, processed pseudogenes may continue to inter- 
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act with the original gene by nonallelic gene conversion— this inter- 
action could, for example, lead to the gain of intron sequences by 
the pseudogene or their loss from the parental gene (Wilde 1986). 
These interactions could also be a source of mutations in the func- 
tional genes, including, for rapidly evolving genes, atavistic back 
mutations. 



present in semen and secreted in both the male and female reproductive 
tracts; to make use of this energy source, an autosomal copy of the gene 
has been selected that is expressed only in late spermatogenesis. This 
autosomal gene has all the hallmarks of having been reverse transcribed 
from mRNA: it has a poly(A) tail, bounding direct repeats, and no 
introns (compared to 10 in human PGK-1). Brosius (1999) reviews other 
genes likely to have been derived in the same way. 

3' transduction. LINE mRNA can be processed "incorrectly" and there- 
fore contain a host sequence at the 3' end, which is then reverse tran- 
scribed back into the genome, leading to duplication of the host se- 
quence. This is called 3' transduction (Moran et al. 1999, Goodier et al. 
2000). For example, LI elements of humans appear to have a relatively 
weak polyadenylation signal (poly(A)+ signal). This is the signal used 
by the cell to define where mRNAs are supposed to end: transcripts are 
cleaved at this site, and a poly(A) tail added. The consequence of a weak 
polyadenylation signal is that LI mRNAs will often extend into the 3'- 
flanking DNA and this region will be reverse transcribed back into the 
genome along with the LI element. In this way, regulatory regions may 
get copied around the genome. A weak signal might also lead to exon 
shuffling: if an LI element is in an intron of a host gene, the host gene's 
polyadenylation signal might take precedence and all exons downstream 
of the LI insert would get copied (without the introns, which would be 
spliced out). If the element inserted into the intron of another gene, 
a chimeric gene could result. Boeke and Pickeral (1999) speculate that 
this process may explain why the last exon of host genes is often so 
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much larger than internal exons. They also speculate that such processes 
might be the first step in the evolution of alternately spliced genes. Ap- 
proximately one-quarter of LI retrotranspositions in humans involve 
copying 3' sequences, typically several hundred base pairs (Goodier et 
al. 2000, Pickeral et al. 2000). 

Why would LI have evolved such a weak polyadenylation signal? Con- 
ceivably, this process of 3' transduction causes beneficial mutations 
linked to new inserts sufficiently often as to be selected for. An alterna- 
tive explanation, suggested by Moran et al. (1999), is that it prevents LI 
elements in introns from terminating transcription of the host gene. 
This predicts that polyadenylation signals will be weaker (and 3 ' trans- 
duction more common) in genomes with a higher percentage of intron 
sequences (Eickbush 1999). The euchromatic fraction of the human ge- 
nome consists of 25-30% introns (Lander et al. 2001). 
• Intron removal. The proteins encoded by LTR elements can "acciden- 
tally" encapsidate and make a cDNA copy of a host mRNA. This is un- 
likely to be integrated back into the genome (as this would require a sec- 
ond mistake, by the integrase protein) but could recombine with the 
host gene from which it is derived (Derr and Strathern 1993). This 
would result in the precise removal of any introns from the gene. Fink 
(1987) speculates that this process occurred thousands of times in the 
ancestors of baker's yeast, which now has very few introns. 

It is possible, then, that transposable element activity increases the adapta- 
tion of their hosts over the long term, by inducing mutations that other- 
wise would not occur. But the size of the effect— if it exists— is unknown. 
And there may also be long-term costs. Neurospora fungi protect themselves 
against transposable elements by mutating any duplicated stretch of DNA 
longer than about 400bp, which has effectively halted adaptive evolution by 
gene duplication (Galagan and Selker 2004). 

Transposable Elements and Genome Size 

As well as producing variation in the arrangement of genetic material and in 
the functions encoded, transposable elements can also produce variation in 
the amount of DNA. Most obviously, they produce insertions that increase 
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the size of the genome. As we have seen, the proliferation of transposable 
elements can also lead to deletions, by ectopic recombination between ele- 
ments at different sites on the same chromosome (Fig. 7.15). On a smaller 
scale, the structure of LTR elements, with direct repeats at either end, can 
lead to looping out of 1 LTR and the intervening element. These trans- 
posable element-associated insertions and deletions play a key role in the 
evolution of genome size. We saw earlier that in the recent expansion of ge- 
nome size in maize, it was predominantly the transposable element fraction 
that increased. 

Another example is provided by barley. The BARE-1 LTR retroelement 
in barley constitutes about 2.9% of total genome size and variation in ge- 
nome size across Hordeum correlates positively with variation in the fraction 
made up of BARE-1 (Vicient et al. 1999). More striking still, the excess of 
solo BARE-1 LTRs over complete elements is negatively associated with 
both genome size and (more strongly) the fraction of genome made up of 
BARE-1 elements. In other words, the apparent rate of removal of the LTR 
element through nonhomologous recombination is a better predictor of 
variation in genome size— and the fraction occupied by the element— than is 
copy number of the element itself. This result has been confirmed within a 
species of Hordeum (Kalendar et al. 2000). In addition, rates of solo LTRs to 
intact ones also varies along a cline. 

At a broader scale, genome size is positively correlated with the fraction 
of the genome derived from transposable elements (Lynch and Conery 
2003). That is, as genomes expand and contract over evolutionary time— and 
they appear to do both (Wendel et al. 2002, Jakob et al. 2004)— the fraction 
of the genome that is derived from transposable elements is disproportion- 
ately involved in the gains and losses. Again, the relative contributions of 
drift, biased gene conversion, and natural selection to the fixation of these 
insertions and deletions are unknown. 

Genome size itself is known to be associated with a series of basic physio- 
logical parameters, such as rate of photosynthesis of plants, metabolic rates 
in birds and mammals and rate of development in amphibians (Gregory 
2005). As yet, it has been difficult to disentangle cause and effect in these re- 
lationships. Particularly striking to us are instances in which large genomes 
appear to be imposing a cost. Vinogradov (2003) has shown that plants 
known to be of conservation concern have larger genomes than those of no 
concern. For globally threatened species, genome size is about twice that of 
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unthreatened species, while it is 20% larger for those only locally threat- 
ened. The association also holds controlling for family and generic affilia- 
tion. Ploidy itself has no effect. Moreover, there is a negative correlation be- 
tween species per genus and mean genome size, suggesting the association 
may be older than just the current wave of extinction. The effect runs coun- 
ter to a long-term taxonomic bias toward larger genome size: the more re- 
cent the family of flowering plant in the paleontological record, the larger 
its genome size now. It will be interesting to test whether all of these associa- 
tions are found in more formal phylogenetically controlled analyses. And 
the cause of the correlation remains completely unknown. 

Vinogradov (2004) has repeated the analysis for vertebrates and found a 
more variable effect. For the groups with the smallest mean genome sizes 
(reptiles and birds), greater genome size predicts higher risk of extinction, 
while for fish, amphibians, and mammals there are no significant trends. 
On the other hand, large genome size may be inhibiting mental develop- 
ment in many species (Box 7.5). 



Co-Option of Transposable Element Functions and Host Defenses 

Transposable elements have evolved some sophisticated enzymatic capa- 
bilities (reverse transcription, cleaving and rearranging DNA, and so on) 
which, in some circumstances, may be useful to the rest of the genome 
(analogous to homing endonucleases and mating type switching in yeast; 
see Chap. 6). Here we review what appears to be a clear case of co-option of 
a transposable element in the evolution of the vertebrate immune system, 
the somewhat puzzling case of Drosophila telomeres, and telomeres more 
broadly. We also review suggestions regarding the co-option of host de- 
fenses. 

The combinatorial immune system of vertebrates. Most vertebrates have im- 
munoglobulin (Ig) and T-cell receptor (TCR) genes that are "split" and must 
be assembled by somatic recombination before they can be expressed. This 
assembly, called V(D)J recombination, occurs only in lymphocyte cells, and 
in some vertebrates is responsible for generating much of the diversity of an- 
tigen receptors within an individual organism, the assembly process result- 
ing in slightly different genes in different cells (for a very brief outline of the 
immune system, see Chap. 1 1). The assembly process is initiated by proteins 
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BOX 7.5 

Did Selfish Genes Drive Salamanders Stupid? 

It has been argued that large genome size in salamanders has set 
sharp constraints on their mental evolution (Roth et al. 1997). The 
reason for this is a strong positive correlation between cell size and 
genome size across a great range of species and cell types (Roth et 
al. 1994). Even cells lacking genes, such as red blood cells in mam- 
mals, find their size strongly correlated with the genome size of the 
cells that gave rise to them (Gregory 2000). This means that a large 
genome will reduce the number of cells per unit brain size and the 
number of interconnections between them. Lower complexity is 
expected, along with lower mental acuity. Because the replication 
of selfish genes— in this case, transposable elements— is imagined to 
be a primary factor in genome expansion, the question can be put 
more sharply: did selfish genes drive salamanders stupid? 

Salamanders and lungfishes have the largest genomes of any ani- 
mals. Although polyploidy is frequent in salamanders, it does not 
make a strong contribution to the high genome sizes typical of 
the group. The parallel facts concerning mental development are 
equally striking. Salamanders (again, along with hagfish and some 
frogs) have the simplest nervous system of any vertebrate (Roth et 
al. 1993, Roth et al. 1997). Were it not taxonomically highly un- 
likely, the salamander system could easily be regarded as ancestral 
to all other vertebrate forms. Instead, comparative evidence shows 
that the brain and sense organs of salamanders have been simpli- 
fied from a more complex ancestral state, and this is especially true 
of the more derived forms, the Plethodontidae. 

These associations also work on a finer scale (Roth et al. 1997). 
The lepidosirenid lungfishes show greater reduction in neural com- 
plexity than do the lungfish Neoceratodus and also greater genome 
size. Desmognathine salamanders with relatively small genomes 
show greater morphological complexity of the brain than do the 
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larger-genomed bolitoglossines, even though the latter are acro- 
batic salamanders operating in a 3-dimensional environment and 
using their tongues to capture prey. Arenophryne rotunda shows both 
the simplest brain and sense organs of any frog and also the largest 
genome. And so on. 

And what happens when body size (and, therefore, brain size) is 
sharply reduced, as in miniaturized plethodontids (which are often 
small enough to seek refuge in earthworm holes)? Relative head size 
may be increased, as well as relative proportion of cells devoted to 
vision, but cell size is not reduced (Roth et al. 1995). There is no cor- 
relation between cell size and either head size or brain size. Instead, 
cell size seems largely resistant to adaptive variation, being strictly 
dependent on genome size. In short, salamander mental evolution, 
along with that of hagfish, caecilians, and some frogs, appears to be 
more a story about genome size expanding (for unknown reasons) 
and entraining nervous system changes than about the mental ap- 
paratus evolving in response to needs of the external environment. 
Certainly, when simple vertebrate nervous systems re-evolve, they 
appear almost always to be associated with unusually large genome 
sizes. 

Comparative work makes it clear that genome size exerts a strong 
negative effect on rate of development, for example limb regenera- 
tion and embryonic time (but not egg size) in plethodontids (Ses- 
sions and Larson 1987, Jockusch 1997). In salamanders, genome 
size predicts rate of development, even when effects of nuclear and 
cell volume have been removed (Pagel and Johnstone 1992). This 
suggests that an important cost of extra (selfish) DNA is the time in- 
volved in replicating it every cell generation. 

The matter can also be put the other way around. Lack of strong 
selection for mental acuity means weak selection opposing in- 
creases in genome size. But selection pressures are apt to be quite 
asymmetrical, with tiny increments in genome size due to trans- 
posable element increase having very small negative effects on in- 
tellectual ability. 
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encoded by the RAG1 and RAG2 genes cleaving the Ig and TCR genes at 
inverted repeats, and the mechanism of cleavage is in many ways similar to 
that which initiates DNA-based transposition. Moreover, the RAG I and 
RAG2 genes, while not homologous, are themselves immediately adjacent 
to each other in the genome. These observations have led to the suggestion 
that RAG1, RAG2, and the inverted repeats they recognize in the Ig and 
TCR genes are descendents of an ancient transposon that has since been do- 
mesticated for host benefit (Agrawal et al. 1998, Hiom et al. 1998, Zhou et 
al. 2004). Indeed, the RAG1 and RAG2 proteins together can catalyze the 
transposition in vitro of a DNA fragment with the appropriate inverted re- 
peats. 

Note that in this example the linkage between the protein-coding genes 
and the inverted repeats they recognize is broken, so the RAG genes are not 
directly affected by their activity. Moreover, the genes are active only in so- 
matic cells. These are features expected of genes acting for host benefit, not 
of selfish genes acting only for themselves. 

The telomeres of Drosophila. Because of the way DNA is replicated (syn- 
thesis always in the 5' to 3' direction and initiated by an RNA primer), chro- 
mosomes cannot be replicated out to the last base pair, but instead are re- 
duced by a couple base pairs at either end every cell cycle (Watson 1972). 
For example, a Drosophila chromosome loses 70-80bp from each end every 
generation (Levis et al. 1993). What prevents this process from gradually eat- 
ing up the chromosome? It turns out that in Drosophila this continual short- 
ening is counterbalanced by 2 LINEs, Het-A and TART, that specifically 
transpose to chromosome ends (Levis et al. 1993, Mason and Beissmann 
1993, Pardue and DeBaryshe 2002). Het-A is the more abundant and ac- 
tive of the 2 transposons, and it has a number of unusual features. First, it 
encodes an ORF similar to the ORF1 of other LINEs but does not en- 
code an ORF with any homology to reverse transcriptase. Thus, it is a 
nonautonomous element, and the RT must be supplied somehow in trans. 
Second, it does not have an internal promoter at its 5' end like other LINEs, 
but rather has a downstream-facing promoter at its 3' end. This means that 
an element that transposes to a chromosomal end cannot be transcribed, 
but instead must wait until another Het-A element transposes to its end, 
and then the first can be transcribed from the second element's promoter. 
Third, it has an unusually large 3' untranslated region downstream of the 
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ORF with no known function. The other element, TART, has its own sur- 
prises. It encodes 2 ORFs, and ORF2 has homology to RT, but also (like 
other LINEs) to an endonuclease domain, which should not be necessary 
for transpositions to chromosomal ends. Moreover, it has perfect direct re- 
peats close to but not exactly at its ends, and it has an upstream-facing 3' 
promoter making antisense RNA transcripts that are 10 times more abun- 
dant than the sense transcripts. Like Het-A, it also has an unusually large 
3'UTR 

These fascinating details await explanation. Are new telomeric inserts de- 
rived from other telomeric copies, or from one or a few master genes inter- 
nal on some chromosome? No such sequences are apparent in the euchro- 
matin, but they may exist in heterochromatin (the telomeres themselves are 
heterochromatic). What is supplying the RT for Het-A elements— is it a sta- 
ble host gene, or is it another LINE element? Are they parasitizing TARTel- 
ements? Why have Het-A elements been selected to promote the transcrip- 
tion of downstream sequences, and why have Ty^relements been selected 
to produce antisense transcripts? 

The Drosophila mode of telomere reconstitution is unusual. In most other 
species, telomeres consist of hundreds or thousands of base pairs of a simple 
sequence 2-8bp long repeated many times (Alberts et al. 2002). These re- 
peats are also synthesized by reverse transcription from an RNA template. 
The enzyme responsible, telomerase, is homologous to the reverse tran- 
scriptase of LINEs and LTR retroelements, and it may represent a much 
more ancient domestication of a selfish gene (Eickbush 1997). 

Co-option of host defenses. We saw earlier that host organisms have 
mechanisms for suppressing their transposable elements, methylation being 
a well-studied example. Methylation is also used to regulate normal host 
genes (including imprinted genes; see Chap. 4). It is not known which came 
first, but it is possible that methylation evolved first as a means of control- 
ling transposable elements and later was used to regulate host genes. An- 
other possible example is Lyon's (1998) suggestion that X chromosome in- 
activation in female mammals may be an evolutionary elaboration of a 
system for controlling LINEs. According to this hypothesis, LINE insertion 
on the X chromosome could have been positively selected on the X at the 
time when the inactivation system was evolving. The age and distribution of 
LINEs on the X are consistent with this idea (Bailey et al. 2000). 
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Transposable Elements As Parasites, Not Host Adaptations or Mutualists 

When Barbara McClintock (1952, 1956) discovered that certain maize loci 
could occasionally change their map position, it was only natural for her to 
wonder what function this served. The particular elements she observed 
(Ac and Ds) are active in somatic cells, and this fact— combined with the ob- 
servation that inserts can affect the expression of neighboring genes— led 
McClintock to speculate that transposable elements normally function to 
turn genes on and off in somatic cells during development. Hence, she 
called them "controlling elements." This idea appears to be among the first 
recognitions that some mechanism for turning genes on and off during de- 
velopment must exist. The role of transposable elements in producing the 
variegated color patterns selected by horticulturalists seems to be an exam- 
ple of this (Plate 7), but decades of work on developmental genetics have 
shown that transposable elements do not play a significant role in develop- 
ment. Many years later, McClintock (1984) noted that "stress" appears to in- 
crease the activity of at least some transposable elements and suggested that 
they may function in "remodeling" the genome at times of difficulty (Box 
7.6). In both of these suggestions, transposable elements were viewed as ad- 
aptations of the host (to control development or to respond to stress). 

But the very structure of transposable elements suggests otherwise— in 
particular, the fact that the proteins carrying out the transposition reactions 
are always encoded by the transposable elements themselves. If, for exam- 
ple, transposable elements were the host's way of creating genetic variation, 
and so served to increase the efficacy of natural selection, there would be 
no need for these elements to contain a transposase gene: it could be stably 
integrated somewhere else in the genome, moving unrelated noncoding 
pieces of DNA (e.g., promoters, coding regions) around the genome. The 
contrast with the immune system is particularly instructive, for that is the 
arrangement there. Any finding of a MITE or SINE or other nonautono- 
mous element that is mobilized by a stable host gene with no other func- 
tion would be good evidence of transposition having evolved for host bene- 
fit. The fact that transposase proteins are encoded by transposable 
elements— and not by stable host genes— is inexplicable under the host adap- 
tation hypothesis, and it only makes sense if they are selfish genetic ele- 
ments. Other aspects of transposable element design also fail to support the 
hypothesis of host adaptation. For example, they do not carry host genes 
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BOX 7.6 

Transposable Elements and Stress 

McClintock (1984) noted that "stress" appears to increase the activ- 
ity of at least some transposable elements and suggested that they 
may function in "remodeling" the genome at times of difficulty 
But remodeling seems an overly optimistic description of what ap- 
pear to be accidental chromosomal rearrangements. Why, then, are 
transposable elements activated by stress? 

One possibility is that stress disrupts host mechanisms that sup- 
press transposition. This cannot be the whole story, however, be- 
cause transposable elements have been found with stress response 
promoters— they have evolved to be more active at times of stress 
(Wessler 1996, Grandbastien 1998, Takeda et al. 1999). Perhaps 
transposable elements have evolved to be active when host de- 
fenses are low. Or, perhaps at times of stress a new insert is more 
likely to be beneficial. Our own speculation is that times of stress 
are the safest time for a transposable element to be active because 
all the repair systems are active and damage to the host is least likely 
to occur. By contrast, when times are good and the host is making 
hay, transposition is particularly damaging to the host and, thus, 
damaging to the element. 



whose optimal copy number varies. Nor are there mechanisms known for 
excision without integration (if the host sometimes wants more trans- 
posable elements, it should also sometimes want fewer). 

If not host adaptations, perhaps transposable elements should be thought 
of as mutualists (e.g., Kidwell and Lisch 2001). After all, it is possible that 
the 4 million inserts in our own genome are beneficial, and transposable ele- 
ments may even have evolved adaptations to increase the likelihood of an 
insert being beneficial. Almost certainly they are important sources of muta- 
tional variation that, combined with natural selection, can significantly in- 
crease the adaptedness of their hosts. However, we prefer to think of them 
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as parasites because the average immediate effect on the host is negative. All 
the most obvious phenotypic effects of transposable elements are deleteri- 
ous (insertion mutations, chromosomal rearrangements, and physiological 
costs). Moreover, transposition rates are orders of magnitude greater than 
excision rates, but transposable elements do not accumulate indefinitely, in- 
dicating that natural selection must be reducing their frequency, which can 
happen only if they are harmful. Like other classes of selfish genetic element 
discussed in this book, transposable elements are harmful to the host organ- 
ism and persist in populations because of their non-Mendelian accumu- 
lation mechanisms (Doolittle and Sapienza 1980, Orgel and Crick 1980, 
Brookfield 1995, Zeyl and Bell 1996). 

This does not mean that all insertions have been and will be harmful. It 
would be surprising if this were the case, and indeed there is evidence that 
some insertions are beneficial. There is no contradiction between calling 
transposable elements "selfish" or "parasitic" and entertaining the possibil- 
ity that, in some species, the great majority of extant insertions may be ben- 
eficial, because natural selection ensures that the extant insertions are a 
highly biased sample of all those that have occurred. We define them as 
selfish based on selection pressures: the difference between transposition 
rates and excision rates means that the average effect of transposable ele- 
ment activity must be negative. Host genes will therefore be selected to sup- 
press them, and transposons selected to circumvent host defenses. This is so 
even if a minority of insertions is beneficial and the host lineage is much 
better off with the elements. A similar distinction holds for more familiar 
organisms: under some conditions of nutrient cycling, herbivory may ac- 
tually make a plant population more productive (de Mazancourt et al. 
1998). But this does not mean that plants will be selected for palatability— 
rather, they will be selected to prevent herbivory, and only by considering 
the selection pressures will one be able to make sense of plant and herbi- 
vore design. Or, consider Plasmodium, the organism responsible for malaria. 
Normally, malaria is bad for an individual, but occasionally it can be bene- 
ficial: in the early decades of the 20th century, Julius Wagner-Jauregg inten- 
tionally infected thousands of patients suffering from syphilis with malaria, 
thereby inducing a fever and increasing syphilis remission rates from less 
than 1% to 30% (and in so doing earned a Nobel Prize; Nesse and Williams 
1994). This does not, however, change our minds about whether Plasmo- 
dium is best considered a parasite. TEs may be important for the host in cre- 
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ating variation and thereby facilitate evolutionary change, but this is not 
their raison d'etre, and the host is selected to suppress them. 

Origins 

Ancient, Chimeric, and Polyphyletic Origins 

The proteins produced by transposable elements are complex, with multi- 
ple functions and multiple independent domains. Moreover, their domain 
structure varies widely, even within the 3 main classes (DNA, LINE, and 
LTR elements). Phylogenetic analysis indicates that, throughout transpos- 
able element evolution, there has been a strong theme of domains being 
gained and lost, with new acquisitions coming both from other transpos- 
able elements and from host genes. Among the best analyzed in this regard 
are the LINEs, all of which share a reverse transcription (RT) domain (Malik 
et al. 1999, Yang et al. 1999). If this domain is used to construct phyto- 
genies, the ancestral LINE appears to have encoded a single ORF and have 
been site-specific, with a restriction-enzyme-like endonuclease (REL-endo) 
domain downstream of the RT domain (Fig. 7.16). In some lineages, this 
REL-endo domain was replaced by an AP endonuclease (APE) domain ac- 
quired from the DNA repair machinery of the host cell. Among those ele- 
ments with an APE domain, 1 lineage (including LI from humans) appears 
to have gained a second ORF with a leucine zipper motif, while another lin- 
eage has gained an ORF with cysteine-histidine zinc finger motifs (similar to 
the gag protein of LTR retroelements). These are both nucleic acid-binding 
motifs. Cysteine-histidine motifs are also found sporadically in the original 
ORF both upstream and downstream of RT. Finally, among those with a 
gag-like ORF, RNase H domains appear sporadically on the RT phylogeny 
and were apparently gained at least once from the host cell and then lost 
several times. Recombination continues to be important in generating di- 
versity of mammalian LI LINEs, particularly at the 5' (front) end (Furano 
2000, Moran and Gilbert 2002). 

LTR retroelements also vary somewhat in domain structure (Eickbush 
and Malik 2002). Most have 2 ORFs, but vertebrate retroviruses have ac- 
quired a third ORF, encoding an envelope for intercell transfer. At least 6 
other lineages of LTR retroelements have also acquired env-like genes, and 
in the 3 cases for which a likely source has been identified, it is in each case a 
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Figure 7.16 Gain and loss of enzymatic domains by LINEs over evolutionary time. For 
each of 11 clades of elements, representative molecular structures are shown as well as 
their phylogenetic relationships. RT = reverse transcriptase; APE = apurine/ 
apyrimidinic endonuclease; REL-endo = restriction-enzyme-like endonuclease; RNH 
= RNase H domain. Vertical bars within an ORF represent the location and number of 
nucleic acid-binding domains. When 2 proteins are produced, they are slightly offset 
from each other. Numbers on branches are bootstrap support levels. * indicates that all 
known members of the clade are site-specific (i.e., target very specific sites in the ge- 
nome), whereas (*) indicates that only some members are site-specific. Adapted from 
Malik etal. (1999). 
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virus (a baculovirus for gypsy-like elements, a phlebovirus for CER7/13-like 
elements, and a herpesvirus for TAS-like elements). LTR retroelements are 
also thought to be the source of the reverse transcriptase gene of plant 
caulimoviruses and vertebrate hepadnaviruses. 

Most DNA transposable elements belong to one of a handful of families 
(e.g., the hAT, En/Spm, piggyBac, and Mutator families; Robertson 2002). 
The most widespread of these groupings is the Tcl/mariner/pogo superfam- 
ily, which includes transposable elements in animals, plants, fungi, ciliates, 
and bacteria. Within this superfamily, domain swapping also appears to 
have occurred (Plasterk et al. 1999). For example, Impala, an element of the 
fungus Fusarium oxysporum, is thought to be a chimeric element, one part 
derived from a mariner-like element and the other from a 7ci-like element 
(Langin et al. 1995). Some 7c./ -like elements offish are also thought to be 
chimeric (Ivies et al. 1996). 

What about the more distant origins of the ancestral LINE, LTR retro- 
element, and DNA transposons? This is more speculative. Malik et al. 
(1999) suggest that the ancestral LINE evolved from a group II intron (see 
Chap. 6). These have an H-N-H type endonuclease domain downstream of 
RT. The ancestral LTR element with its 5 genes must itself be a chimeric ele- 
ment; the RT is obviously related to that of LINEs and most have an 
integrase that shares its catalytic core with that of Tcl/mariner/pogo trans- 
posase and a number of bacterial insertion sequences (Doak et al. 1994, 
Capy et al. 1996) as well as some bacterial host genes, including ribonu- 
clease H and RuvC (Craig 1995). Thus LTR elements may be chimeras of 
a LINE and a DNA transposable element. For DNA transposons, as we 
have noted, the Tcl/mariner/pogo superfamily includes bacterial insertion se- 
quences, as does the Mutator family (Robertson 2002), and some similarities 
have recently been identified between the active sites of these 2 families and 
the hAT and piggyBac families (Zhou et al. 2004). 

It is striking that homology has yet to be detected between the P element 
and any other transposable element. P elements have thus far been found 
only in "muscamorphan and higher flies" (Robertson 2002). This tightly cir- 
cumscribed distribution suggests the possibility that P elements have arisen 
relatively recently, perhaps somehow from 1 or more dipteran host genes. 
Further investigation is warranted, as this is the most promising opportunity 
for characterizing the birth of a transposable element. Interestingly, a stable 
host gene homologous to the first 3 exons of P elements has been discov- 
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ered in some species of the Drosophila montium subgroup (reviewed in Miller 
et al. 1999). This gene has an additional untranslated exon and intron up- 
stream of the /'-homologous sequence and is missing the last exon, the pres- 
ence of which distinguishes P transposase from P repressor. Its function is 
currently unknown. The authors interpret this gene as an example of trans- 
posable element domestication, and this does seem the most likely explana- 
tion. Nevertheless, it is only distantly related to P elements, and the possi- 
bility remains that it is the outgroup, and the source, of/ 5 elements. 

Finally, we have already noted that SINEs are often derived in part from 
small untranslated RNAs, such as tRNAs or, in the case of human Alus, 7SL 
RNA. Why tRNAs? Smit (1996) suggests that one predisposing factor is that 
tRNA genes have internal promoters, and so transcription is largely inde- 
pendent of genomic location. Consistent with this, Alu elements have also 
acquired an internal promoter, by a 2bp mutation of the original 7SL RNA 
gene. Why 7SL RNA? Boeke (1997) notes that this is the RNA scaffold of 
the signal recognition particle, which is involved in protein translation and 
thus is found near ribosomes. Alu RNA binds to some of the same proteins 
as the 7SL RNA, and Boeke (1997) speculates that it also accumulates near 
ribosomes and often is able to latch on to an LI protein as it is being synthe- 
sized, before the LI transcript does. tRNAs are also expected to congregate 
around ribosomes. 
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IN MALE M El OS IS a diploid nucleus first replicates its DNA and then divides 
twice to create 4 haploid meiotic products, all of which are normally viable 
and develop into sperm or pollen. In female meiosis only 1 haploid cell nor- 
mally survives to develop into an egg or ovule, with the others degenerating 
into "polar bodies." In the latter case, there is an obvious opportunity for 
drive: if a gene or chromosome can avoid the polar bodies and get into the 
egg or ovule more than 50% of the time, it will tend to increase in fre- 
quency. This is meiotic drive sensu stricto, as originally defined by Sandler 
and Novitski (1957). The movement of chromosomes at meiosis is mediated 
through the centromere, the region of the chromosome that attaches to the 
spindle, and centromere evolution figures prominently in this chapter. We 
begin by describing a well-studied supernumerary segment on chromosome 
10 of maize (corn) that forms an extra "neocentromere" during meiosis, by 
which it attaches to the spindle and ratchets itself along— faster than its 
homolog— toward the spindle pole. Due to the geometry of female meiosis, 
this leads to it being transmitted to eggs at a greater than Mendelian rate— it 
drives. This behavior has allowed the segment to spread through maize pop- 
ulations, but it is a strategy that itself is open to parasitism; segments have 
evolved on other chromosomes that exploit the original segment and show 
drive in its presence. 

No case of female drive has been studied as intensively as knobs in maize. 
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We review cases that may be similar but for which we lack key information 
on transmission through female meiosis. Female drive may also cause rapid 
evolutionary changes in the form, sequence, and number of normal centro- 
meres—though again, direct observations of transmission rates are rare. And 
it may underlie one of the most striking aspects of female meiosis, namely, 
the high frequency with which eggs end up with the wrong number of chro- 
mosomes. More generally, differential transmission through female meiosis 
can drive the evolution of chromosome number, size, and shape— in other 
words, the karyotype. Finally, we review cases in which polar bodies have 
evolved to rejoin the germline and speculate whether this too may be the re- 
sult of selfish genes. 

Selfish Centromeres and Female Meiosis 

Abnormal Chromosome 10 of Maize 

In maize (as in many other species) the geometry of female meiosis is such 
that the 4 haploid meiotic products are produced in a row. The meiotic 
product at 1 end, nearest the base of the ovary, develops into the female 
gametophyte, while the other 3 degenerate. Any gene or chromosome re- 
gion that can preferentially get itself into this basal meiotic product will 
thereby have a transmission advantage. There is a variant form of chromo- 
some 10 that manages to do just that. 

Chromosome 10 is the smallest of the maize chromosomes, and there are 
2 structurally different forms: a common or normal type (N10) and an ab- 
normal knobbed type (AblO). These knobs function as neocentromeres at 
meiosis, meaning that the spindle attaches to them as well as to the normal 
centromere (Fig. 8.1). The knobs are at one end of the chromosome, and in 
plants that are heterozygous for the normal and knobbed chromosomes, 
there typically is a crossover between the normal centromere and the knob. 
This means that at the first meiotic division, chromatids with and without 
knobs go to each pole. Because the knob acts as a centromere, the chroma- 
tids carrying the knobs get to the poles first. This orientation is maintained 
for the second division, resulting in the knobbed chromosome being in the 
outside meiotic products, and the knobless chromosomes being on the in- 
side. Because the basal-most meiotic product is 1 of the 2 outside meiotic 
products, the knobbed chromosome has been preferentially transmitted. 



302 



Female Drive 



N10 AblO 



C ) ( C ) centromere 




knob 
X Crossing-over 




1st meiotic division 



2nd meiotic division 



Megaspore 



Polar bodies 



Figure 8.1 Meiotic drive of a chromosomal knob in maize. Normal and knob-bearing 
chromosomes pair up at meiosis, and typically 1 crossover occurs between the 
centromere and the knob. Consequently, at the first meiotic division, chromatids with 
and without a knob go to each pole. Because the knobs attach to the spindle and move 
along it, the knob-bearing chromatids lead the way. As a result, they tend to be found in 
the 2 outside meiotic products, one of which forms the megaspore. In this way the 
knob moves preferentially to the germline and away from the polar bodies. 
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Transmission rates average about 70%, varying in response to growth condi- 
tions and genetic background (Rhoades 1942, Kikudome 1959). The knobs 
are also active at male meiosis, but as all 4 meiotic products are viable there 
is no accumulation in the male line. They are not active at mitosis. 

Details of how this mechanism works at the molecular level are beginning 
to emerge. Structurally, AblO differs from N10 in having extra DNA in- 
serted in at least 2 locations near the end of the long arm. It also has an in- 
version, which means that recombination rarely (if ever) occurs between 
N10 and AblO in this region (Fig. 8.2). The extra DNA is approximately 
equal to the length of the short arm of chromosome 10, or about 3% of the 
genome (Hiatt and Dawe 2003b). The proximal insertion has 3 prominent 
chromomeres, which consist mostly of tandem repeats of a 350bp motif 
called TR-1. The other, more distal insertion contains the large knob, which 
consists of about a million copies of a different, 180bp repeat (Peacock et al. 
1981, Ananiev et al. 1998, Hiatt et al. 2002). Interestingly, the TR-1 and 
180bp repeats have some homology, both to each other and to the centro- 
mere of chromosome 4, as well as to repeats on the B chromosome of maize 
(Alfenito and Birchler 1993, Hsu et al. 2003). 

The TR-1 and 180bp repeats both show neocentromeric activity, and in 
both cases this activity depends on the as-acting repeat sequences and on 
^raws-acting genes in (or closely linked to) the unique regions of AblO. Dif- 
ferent genes interact with the 2 types of repeat, and the latest studies suggest 
that at least 4 loci in the novel portion of AblO contribute to drive (Hiatt et 
al. 2002, Hiatt and Dawe 2003a). Detailed cytogenetic studies have shown 
some differences between these neocentromeres and normal centromeres 
(Yu et al. 1997). For example, knobs interact with the sides of spindle fibers, 
in contrast to normal centromeres, which interact end-on (i.e., spindle fibers 
terminate at normal centromeres). Also, unlike normal centromeres, knobs 
are not microtubule-organizing centers. What they appear to have in com- 
mon is movement along the spindle by molecular motor protein(s). Appar- 
ently molecular motors (perhaps related to kinesins) interact with the TR-1 
and 180bp repeats and with the spindle fibers, pulling the chromosome 
along the spindle. 

Is there any significance to the fact that chromosome 10 is the shortest 
chromosome in maize? We speculate it is because short chromosomes tend 
to have relatively high rates of recombination per unit length, due to the re- 
quirement for at least 1 crossover event per bivalent to ensure proper segre- 
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Figure 8.2 Normal (N10) and abnormal (AblO) chromosome 10 of maize. The extra 
segment on AblO has 4 distinct regions; in order from the centromere they are: (1) a 
differential segment that contains 3 prominent chromomeres; (2) central euchromatin, 
which contains a transposed and inverted portion of N10 that spans at least 14 map 
units on N10 and contains 3 known host genes ( W2, 07, and L13); (3) a knob, which 
consists of deeply staining heterochromatin; and (4) the euchromatic distal tip. At least 
5 independent breaks would be required to convert a normal chromosome 10 into 
AblO. Adapted from Hiatt and Dawe (2003a). 



gation. A high rate of recombination facilitates drive because at least 1 
crossover is necessary between the normal centromere and the knob in or- 
der that chromatids with and without knobs go to each pole at the first divi- 
sion (i.e., the division is "equational" for the knobs). The ideal here would 
be exactly 1 crossover, which would give 100% second division segregation 
(SDS); for 2 crossovers there would be 50% SDS, assuming no chromatid 
interference (and for an infinite number, it would be 67%). It is interesting 
in this context that AblO appears to encode factor(s) that strongly increase 
recombination (up to 5-fold) in some regions between knobs and centro- 
meres (Kikudome 1959, Rhoades and Dempsey 1966, Hiatt and Dawe 
2003a, 2003b). On the other hand, close physical proximity between cen- 
tromere and neocentromere probably helps ensure that they are coordi- 
nated enough to be attached to the same spindle (Yu et al. 1997). In the ab- 
sence of coordination, the 2 centromeres on the same chromosome could 
attach to different spindle poles, resulting in chromosome bridging, break- 
age, and loss. Thus knobs should do best where there is a high rate of recom- 
bination per unit length. 

As well as being found in some domesticated maize races, AblO is also 
found in the undomesticated sister taxa Z. m. parviglumis and Z. m. mexicana 
(teosinte). These latter also have a second cytologically distinguishable ab- 
normal knobbed type, AblO-II, which may be ancestral as it does not appear 
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to contain the TR-1 repeat (Hiatt et al. 2002). In a survey of 51 populations 
of -Z. m. parviglumis and Z. m. mexicana, AblO (both types combined) was 
found in 37% of populations; in these populations, it had an average fre- 
quency of 14%, with a maximum frequency of 50% (data from Kato 1976, 
analyzed by Buckler et al. 1999). 

Other Knobs in Maize 

The emerging picture, then, is that there are protein-coding genes on AblO 
that cause the TR-1 and 180bp repeats to act as neocentromeres and show 
drive. Because the protein-coding genes are linked to the repeats, they too 
show drive. But this system is open to exploitation: because the proteins are 
freely diffusible, they can act on repeats located anywhere in the genome. 
Thus, if repeats arise on a different chromosome, they too can drive in the 
presence of AblO, even though the protein-coding genes do not gain any- 
thing by this, and probably even lose. The maize genome does, indeed, 
have many knobs (smaller than those on AblO) that show neocentromeric 
behavior and drive in the presence of AblO. Knobs have been found at 22 
different places on all 10 chromosomes in the maize genome, and at a total 
of 34 different locations if one includes the wild relatives Z. m. parviglumis 
and Z. m. mexicana (Dawe and Cande 1996; Fig. 8.3). In a survey of 28 
knobs, 14 consisted mostly of the 180bp repeat, 4 consisted mostly of the 
TR-1 repeat, and 10 had both types of repeat (Hiatt et al. 2002). All are 
thought to show meiotic drive in the presence of AblO, with transmission 
rates from 59% to 82% for different knob sizes and positions (Longley 
1945). 

There appears to be a striking, positive association between knob size and 
drive. For example, transmission rates for knobs on the small arm of chro- 
mosome 9 are 69%, 65%, and 59%, respectively, for large, medium, and 
small knobs (data from Kikudome 1959, analyzed by Buckler et al. 1999). 
And, when a locus is heterozygous for knobs of different sizes, the larger 
knob appears to "win." For example, if an individual is heterozygous for a 
small and medium knob on chromosome 9, the latter segregates to 65-70% 
of the ovules. Recent microscopical studies show that larger knobs move 
faster on the spindle than smaller ones, perhaps because more molecular 
motors are attached to them (Yu et al. 1997). These results may have impli- 
cations also for the growth of centromeric repeats, associated with drive. 
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Figure 8.3 Location of knobs on maize chromosomes. The area of the circle is propor- 
tional to the size and frequency of the knob. The black internal knobs are unique to 
maize, while the gray terminal knobs are found in all Zea species. Ablffs knob is larger 
than representation in this figure would allow. Adapted from Buckler et al. (1999). 



Not surprisingly, the incidence of these other knobs is associated with the 
presence of AblO. In a survey of 51 populations ofZ. m. paruiglumis and Z. 
m. mexicana, a composite "knob index," based on the size and frequency of 
knobs, was positively correlated with the frequency of AblO across popula- 
tions (r s = 0.37, p<0.01; data from Kato 1976, analyzed by Buckler et al. 
1999). The correlation is also significant in an analysis of phylogenetically 
independent contrasts. 
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For each chromosome arm there is likely to be an optimal position for a 
knob. As we have seen for AblO, knobs work best if they are far enough 
away from the normal centromere that they are separated by at least 1 cross- 
over event; on the other hand, they have to be close enough to coordinate 
attachment to the same spindle pole. Experimental data give some support 
to the idea of an optimum: a knob on the long arm of chromosome 3, 
found 25/im from the centromere at the pachytene stage of meiosis, is in- 
herited in 71% of ovules. An inversion bringing it closer, 19^m from the 
centromere, resulted in 67% inheritance, and another inversion taking it 
more distal, 31^m from the centromere, resulted in 62% inheritance; both 
reductions were very highly significant (Buckler et al. 1999). Further support 
for the idea of an optimum position comes from a frequency distribution of 
knob positions, showing they tend to be clustered around 25^m from the 
centromere (Fig. 8.4). Only 28% of the genome is between 19^m and 31^m 
from the centromere, but 71% of knob sites and 82% of the "knob index" 
(which incorporates knob size) fall in this region. It is also worth noting that 
knobs are significantly overdispersed among chromosome arms, with gener- 
ally 1 frequent position per arm (Fig. 8.3). This may reflect competition be- 
tween knobs on the same arm. 

There is good evidence, then, that meiotic drive has substantially re- 
shaped the maize genome and has done so relatively rapidly. Most knobs 
are thought to have evolved within the last 100,000 years (Buckler et al. 
1999). 

Deleterious Effects of Knobs in Maize 

If the only effect of AblO or any other knob was to distort segregation ratios 
in its own favor, one would expect it to go to fixation. The fact that no knob 
has done so suggests they have deleterious side effects. There is suggestive 
evidence of this on several counts: 

• In experimental crosses AblO is transmitted to only about 45% of off- 
spring through pollen, apparently because AblO-bearing pollen is less 
effective than pollen with N10 in fertilizing ovules (Rhoades 1942), in- 
dicating a cost of knobs on pollen fitness. This is an example of a sex- 
antagonistic effect in the predicted direction, the cost being borne by 
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the nondriving sex (see Chap. 2). No such cost was observed for Ab 10-11 
in the one maize background in which it has been tested (Rhoades and 
Dempsey 1988). 

• Multiple B chromosomes can cause the loss of knobbed chromosomes 
(Rhoades and Dempsey 1972, 1973), indicating a cost of knobs in the 
presence of Bs. 

• Knob DNA is the last to be replicated, and its presence probably 
lengthens the synthesis phase of the cell cycle (Pryor et al. 1980). This 
late replication can apparently also lead to mitotic abnormalities 
(Fluminhan and Kameya 1997). 

In addition to these observations, there is also presumably the risk that the 
centromere and neocentromere on the same chromatid occasionally get at- 
tached to opposite spindles, leading to chromosome breakage and reduced 
fertility. Any of these costs could in principle slow the spread of a knob 
through a population and prevent it from going to fixation; whether any of 
them is quantitatively sufficient is not yet clear. 
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Knobs, Supernumerary Segments, and Neocentromeres in Other Species 

Do similar elements exist in other species? Certainly there is none that is as 
well studied as AblO. The closest parallel we are aware of is in the dicot 
Rumex acetosa (Polygonaceae). There is a heterochromatic knob near the end 
of the short arm of chromosome 1 that shows a transmission advantage 
through females of 63% (p<0.01), but not through males (43%, n.s.; Wilby 
and Parker 1988). The mechanism is not known, but it must be at least 
slightly different from that of AblO, because the knob does not show neo- 
centromeric activity in male meiosis (female meiosis was not examined). In 
a survey of British populations, the frequency of the knob was low (ca. 5%), 
with no obvious geographical variation. 

More generally, knobs are found in many plant species (Hiatt et al. 2002, 
Dawe and Hiatt 2004). Usually they are polymorphic (e.g., Vicia, Scilla, 
Anemone/Hepatica, Secale, Trillium, and Cetaced) and seem to consist of long 
tandem arrays of DNA sequences. Neocentromeres have been observed in 
at least 14 species of plants, and at least in some the neocentromeres form 
at knobs. Interestingly, in half the cases the neocentromeres form only in 
species hybrids. This is a common feature of selfish genetic elements— that 
they become especially active in species hybrids— and suggests that perhaps 
suppressors have evolved that prevent neocentromeres from being active 
within species, and it is only by being dissociated from the suppressors in 
hybrids that they can become active. 

Among animals, polymorphic supernumerary segments are common in 
some taxa such as the Orthoptera and may be analogous to knobs, though, 
again, transmission has rarely been studied. In one exception, in the grass- 
hopper Chorthippus jacobsi, there are polymorphic supernumerary segments 
on 7 out of 8 autosomes; and at least 2 of them (both distal on the smallest 
chromosome) show significant drive, of about 80%, in both females and 
males (Lopez-Leon et al. 1992a). The authors note that these supernumerary 
segments repel chiasmata in heterozygotes, so coadapted gene complexes 
can be created in regions close to a segment (if it remains polymorphic for a 
significant time). 

Interestingly, supernumerary segments in orthopterans also show interac- 
tions with B chromosomes. We have already seen that the knob repeats of 
maize have some homology to repeats on the maize B, and that there is a 
competitive or antagonistic interaction between knobs and Bs in the sense 
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that the presence of Bs is likely to lead to the loss of knob-bearing chromo- 
somes. The same is true in the grasshopper Eyprepocnemis plorans: a supernu- 
merary segment proximally located on the smallest autosome is composed 
of the same DNA repeats that make up a major proportion of the Bs in this 
species (Cabrero et al. 2003) and usually is transmitted normally, except that 
it is significantly eliminated by heterozygous females carrying Bs (Lopez- 
Leon et al. 1991). Despite this apparent competitive exclusion, supernu- 
merary chromosome segments in the acridid grasshoppers are significantly 
more likely in species that have Bs than those without, though there are 
many species that have only one or the other (data of Hewitt 1979, analyzed 
by Lopez-Leon et al. 1991). It is possible that a B could translocate to an 
A and become a segment, and vice versa, but it is also possible that centro- 
meric repeats colonize either location from each other and from A cen- 
tromeres. 

Meiosis-Specific Centromeres and Holocentric Chromosomes 

As we have already indicated, there is presumably a risk when a chromatid 
has 2 centromeres that they attach to opposite spindles, leading to chromo- 
some breakage and reduced fertility. As long as the effect is smaller than the 
advantage due to drive, a selfish neocentromere will still be able to spread. 
But as it does so, it generates selection pressures on unlinked genes to re- 
spond in some way. One response would be to suppress the neocentromeres 
and, as we have seen, there is suggestive evidence of this in the appearance 
of neocentromeric activity in species hybrids. Another possible response 
would be to suppress the original centromere and establish the neocentro- 
mere as the normal one. If, as in maize, the neocentromere is active only in 
meiosis, and the original centromere is suppressed only in meiosis, the spe- 
cies would have functionally different centromeres at mitosis and meiosis. 
Something like this is seen in species with "holocentric" chromosomes, in 
which the centromere is diffuse and the spindle attaches along the whole 
length of the chromosome. These have been best studied in nematodes 
(Goday and Pimpinelli 1989). Interestingly, they are only holocentric at mi- 
tosis; at meiosis, they show a standard localized centromere. 

Localized centromeres may be necessary at meiosis so chromosomes can 
recombine without ending up attached to 2 spindles and being torn apart. 
Centromeres that are purely mitotic have no such constraint, and they are 
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free to expand along the whole chromosome; perhaps this expansion even 
increases mitotic fidelity. In some parasitic nematodes, the meiosis-specific 
centromeric sequences are actually lost from the somatic cells, as part of 
their "chromatin diminution" (described further in Chap. 11). Some moths 
and bugs also have chromosomes that are holocentric in mitosis but have a 
localized centromere at meiosis (Holm and Rasmussen 1980, John 1990). 
We speculate that it was the evolution of meiosis-specific selfish centro- 
meres that led to the evolution of distinct mitosis- and meiosis-specific 
centromeres, which in turn allowed the evolution of holocentric chromo- 
somes. 

More generally, meiosis and mitosis may differ in how actively the chro- 
mosomes participate in the 2 processes (Dawe and Hiatt 2004). Meiotic 
chromosomes in maize, Drosophila, and mice have all been shown to ac- 
tively initiate spindle formation, whereas mitotic chromosomes are typically 
inert. 

Selfish Centromeres and Meiosis I 

The neocentromeres of maize are active at the first meiotic division in a way 
that they show drive at the second meiotic division. Normal centromeres 
segregate at the first meiotic division, and so if they are to show drive, they 
must recognize and exploit some asymmetry at this division. Many B chro- 
mosomes do just this (see Chap. 9). We are not aware of any direct evidence 
of driving centromeres on normal A chromosomes, but the possibility has 
been raised many times, and it could help explain some otherwise-puzzling 
observations. 

The first puzzling observation is that centromeric sequences change rap- 
idly over evolutionary time, even though the basic structure remains the 
same. The core of a centromere, where the kinetochore forms and the spin- 
dle microtubules attach, typically consists of at least 500kb of tandem re- 
peats, in which the repeat unit size is remarkably constant across a wide 
range of species: 171bp in primates, 168 in rice, 175 in maize, 155 in a fun- 
gus gnat, 186 in a fish, and so on (reviewed in Henikoff et al. 2001). This is 
the same range of sizes as found for nucleosomes. These sequences show 
concerted evolution, with the same sequence evolving on different chro- 
mosomes (analogous to the same repeat being found in multiple knobs 
on different maize chromosomes), and the same sequences are also often 
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found on B chromosomes (see Chap. 9). Within the centromere cores there 
may also be islands of complex DNA, and attached to the repeats is a 
centromere-specific histone protein, CenH3. The surprising observation is 
that, although the unit size is conserved, the centromeric repeats are among 
the fastest-evolving sequences yet found in eukaryotic genomes, differing 
even between closely related species (Henikoff et al. 2001). Moreover, its as- 
sociated histone, CenH3, is also relatively fast evolving, even though the 
noncentromeric histone from which it is derived, H3, is among the most 
conservative proteins known. In Drosophila and Arabidopsis the centromeric 
histone has recently been under positive selection (Malik and Henikoff 
2001, Talbert et al. 2002). Another centromeric protein (CENP-C) has been 
under positive selection in plants more generally and in mammals (Talbert 
et al. 2004). Why should centromeric sequences and associated proteins 
continually evolve while apparently not changing in function and while the 
spindle apparatus to which they attach hardly evolves at all (Henikoff and 
Malik 2002)? 

On the assumption that such rapid coevolution indicates an evolutionary 
struggle— analogous to the rapid evolution associated with parasite-host in- 
teractions or sperm-egg protein interactions— Henikoff et al. (2001) suggest 
that selection has continually favored centromeres that bind more strongly 
or quickly to the part of the spindle apparatus directed toward the egg rather 
than the polar body in female meiosis. Moreover, they suggest that the 
centromeric proteins CenH3 and CENP-C counterevolve so as to make 
such biases less pronounced. Drive is imagined to be relatively weak in each 
generation, and it is weakly opposed by negative side effects, including a 
possible reduction in male fertility (Daniel 2002). 

There is as yet no direct evidence for this idea— for example, we lack a 
demonstration that chromosomal transmission in females depends on the 
sequence of the centromeric repeats and how they interact with CenH3. 
The large number of repeats found in centromeres is circumstantial evi- 
dence that strength of binding to the spindle is selectively important, and 
deletion studies point in the same direction. In a Drosophila melanogaster 
minichromosome, the size of the centromere affects its chance of transmis- 
sion, especially, as expected, in females (Murphy and Karpen 1995, Sun et 
al. 1997). Dpi 187 is a fully functional minichromosome (1.3Mb) that is not 
a normal part of the genome and has no known phenotypic effects. Only 
about one-fourth of the chromosome is necessary for normal transmission; 
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and in all such deletions, there is a small but significant drive of univalents 
in females (53%) but not males (49%). But once portions of the key core are 
deleted, transmission is progressively reduced, especially in females. Simi- 
larly in maize, misdivisions of a B chromosome centromere generate a range 
of centromeric sizes from 200kb to 4Mb and, across this range, decreasing 
size is associated with lower transmission (Kaszas and Birchler 1998). As 
with the minichromosome, excision of particular regions has major effects. 
The situation is made even more intriguing by observations that centro- 
meres may be defined epigenetically, rather than by primary sequence (Amor 
et al. 2004). In addition, recent evidence from maize shows that mRNA pro- 
duced by the centromeric repeats forms an important part of the protein 
matrix that surrounds the centromere (Topp et al. 2004). 

Note that while these processes of centromeric competition may be strong 
in outbreeding, sexual species, they are expected to be rare or absent in 
asexual ones. In this regard, it is noteworthy that a centromeric repeat makes 
up 15-20% of the total genome of a sexual species of stick insect Bacillus 
grandii, but only 2-5% in a closely related asexual form B. atticus (Manto- 
vani et al. 1997). Also, there is no diversification across a wide geographical 
range (Italy to Greece) in the repeat found in the asexual species, but clear 
diversity within Sicily of the sexual one. It would be most interesting if this 
relationship between breeding system and centromere size was generally 
true. One might also expect centromeres from outcrossed species to be 
"dominant" over those from inbred species and show preferential segrega- 
tion in species hybrids (Fishman and Willis 2005). 

The second puzzling observation is the high frequency with which female 
meiosis goes wrong. In humans, an estimated 10-25% of pregnancies have 
too many or too few chromosomes because of errors during female meiosis 
(Hassold et al. 1996). This frequency of nondisjunction is much higher than 
in males, and most errors are at the first meiotic division. How can a charac- 
ter so closely related to fitness be so error-prone? 

One possible explanation is that the errors are due to selfish centromeres 
trying to get into the egg and avoid the polar body and that sometimes both 
homologs end up there (Axelrod and Hamilton 1981; see also Day and Tay- 
lor 1998, Zwick et al. 1999). It is an intriguing idea, well worth testing. 
Ideally, one would want to find some as-acting sequence that, when mu- 
tated or deleted, caused drag when heterozygous with the wildtype but that, 
when homozygous, resulted in normal segregation with reduced levels of 
nondisjunction. 
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The Importance of Centromere Number: 
Robertsonian Translocations in Mammals 

Female drive may also affect the number of centromeres, as indicated by the 
transmission of Robertsonian translocations. This is a relatively common 
class of chromosomal rearrangement in which 2 chromosomes with termi- 
nal centromeres (acrocentrics) combine to give a large metacentric chromo- 
some and a small centric fragment without any genes, which is then lost, 
without harmful consequences. In humans (who normally have 5 acro- 
centric chromosomes) Robertsonian translocations arise at a frequency of 
about 4 X 10~ 4 per gamete per generation, the majority of which are of ma- 
ternal origin (Pardo-Manuel de Villena and Sapienza 2001c). In some lines 
of mice (which normally have 20 acrocentric chromosomes), the frequency 
can be as high as 10~ 3 per gamete per generation (Nachman and Searle 1995). 

In females that are heterozygous for a Robertsonian translocation, the 2 
shorter chromosomes pair up with the single larger chromosome at meiosis, 
and there is often a bias in which ones are transmitted to the egg. The bias 
seems common to the various translocations found within a species but the 
direction of the bias differs between species. In mice, metacentrics arising 
from Robertsonian translocations of various chromosomes tend to show 
drag, on average being inherited by about 40% of the progeny of heterozy- 
gotes, though there can be differences according to the chromosomes in- 
volved and the genetic background (Gropp and Winking 1981, Nachman 
and Searle 1995). This only occurs in females; inheritance is Mendelian 
through males, and direct observations show that the drive is due to prefer- 
ential segregation at the first meiotic division (Pardo-Manuel de Villena and 
Sapienza 2001c). By contrast, Robertsonian translocations in humans show 
drive, typically being inherited by about 59% of progeny. Again, this effect 
is found only in females; inheritance through males is Mendelian. All else 
being equal, this drive would cause the metacentric chromosomes to spread 
through the human population. But heterozygotes are at a high risk of pro- 
ducing aneuploid gametes and so the metacentric chromosomes (which will 
always be in the heterozygous state when rare) are selected out, and the mei- 
otic drive merely increases the average number of people who suffer from 
each translocation event. 

As expected from these opposing transmission biases of Robertsonian 
translocations, the majority of mice chromosomes are acrocentric (in fact, 
all are) while the majority of human chromosomes are metacentric. A larger 
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Figure 8.5A Distribution of acrocentric chromosomes in mammals. The number of 
species with various percentages of acrocentric chromosomes (divided into 9 equal- 
sized categories) is plotted for all mammals (black bars). Also plotted is the expected fre- 
quency if chromosomes were randomly distributed around the overall mean frequency 
of acrocentrics of 50.6% (dotted lines). Note the extraordinary contrast between the 
random and the actual. Adapted from Pardo-Manuel de Villena and Sapienza (2001a). 



review of mammalian karyotypes reveals that, in the great majority of spe- 
cies, one type of chromosome greatly predominates, even though overall 
metacentric chromosomes are almost exactly as frequent as acrocentrics 
(Fig. 8.5A). About 50% of species have less than 10% or more than 90% 
acrocentric chromosomes, and only 14% of species have between 33% and 
66% acrocentrics. Indeed, there is no order of mammals in which this cen- 
tral interval contains the largest number of species, and many of them indi- 
vidually have a bimodal distribution of chromosome shapes (Fig. 8.5B). 
This holds for some families and genera, as well. Evidence from Mus 
musculus reveals some recently derived populations that show a reversal in 
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Figure 8.5B Distribution of acrocentric chromosomes in mammalian orders. Same as 
8.5A except that 3 equal-sized categories of percent acrocentrics are used for orders of 
mammals, phylogenetically organized. Bars represent the proportion of species in each 
category, arrowheads indicate the mean, and numbers are the total number of species 
analyzed. Note that most orders lack the middle category almost entirely. Adapted from 
Pardo-Manuel de Villena and Sapienza (2001a). 
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the predominant kind of chromosome (i.e., mostly metacentric; references 
in Pardo-Manuel de Villena and Sapienza 2001a). (There is an interesting, if 
unexplained, negative correlation between metacentric length, as a fraction 
of total length, and transmission ratio against the 2 acrocentrics in a hybrid 
zone between races that differ strongly in number of metacentrics; Castiglia 
and Capanna 2000.) These observations indicate that the polarity of drive— 
or whatever else determines chromosome shape— easily and often reverses in 
mammals. This could itself be a genome maneuver to counter maladaptive 
effects of centromere competition. 

Pardo-Manuel de Villena and Sapienza (2001a, 2001b) suggest that the 
relevant parameter determining the transmission of Robertsonian transloca- 
tions is the number of centromeres (2 vs. 1), with the "stronger" spindle 
tending to attach to the 2 acrocentrics and the "weaker" spindle to the 
metacentric. By hypothesis, the stronger spindle in some species (e.g., mice) 
leads to the egg, whereas in others (e.g., humans) it leads to the polar body. 
Consistent with the idea that centromere number is important, in XO fe- 
male mice (which are fertile) the X (1 centromere) drives against its absence 
(no centromere; LeMaire-Adkins and Hunt 2000). Data on B chromosome 
distributions is also supportive. Because most of these drive as a univalent, a 
B chromosome typically brings an extra centromere to 1 side of the meta- 
phase plate, just as do 2 acrocentrics compared to 1 metacentric. As ex- 
pected, B chromosomes are significantly more frequent in species of mam- 
mals with a higher proportion of acrocentric chromosomes (see Chap. 9). 
This is a robust finding: it holds separately for rodents, all other mammals, 
and in a taxonomic contrasts test for all mammals. It also holds within a 
species of grasshopper (Bidau and Marti 2004). 

Sperm-Dependent Female Drive? 

Quite a different form of female-specific meiotic drive has been suggested 
for 2 loci in mice, a homogeneously staining region (HSR) called In on 
chromosome 1 and the Om locus on chromosome 11 (Agulnik et al. 1993, 
Pardo-Manuel de Villena et al. 2000). Both reports come with the extraordi- 
nary claim that meiotic drive only occurs when the fertilizing sperm is 
wildtype; if the sperm carries a copy of the driving element, segregation at 
female meiosis is Mendelian. This is not impossible, as the second meiotic 
division in mice occurs after fertilization. But the results do need confirma- 
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tion. For In, the original observations were for Mus musculm musculus, and 
subsequent research on a similar element in Mus musculus domesticus again 
showed non-Mendelian inheritance, but due to zygotic lethality rather than 
meiotic drive (Weichenhan et al. 1996; see Chap. 2). For Om, the data are in- 
direct. Compelling evidence of sperm-dependent segregation would be very 
exciting and would raise a slew of evolutionary questions about the inter- 
action. 

Female Drive and Karyotype Evolution 

As we have seen, the geometry of female meiosis can select for selfish ge- 
netic elements that actively exploit the asymmetry to enhance their trans- 
mission to the next generation. And this can have profound effects on the 
species karyotype— at least in maize. We have also seen that the mechanics 
of female meiosis may select for particular chromosomal morphologies— a 
more passive, less obviously selfish kind of adaptation. We now review fur- 
ther examples along this latter theme, in Drosophila and relatives. In these 
species, female meiosis is much like that of maize, in that the 4 meiotic 
products end up in a row and the egg nucleus always arises from the meiotic 
product at 1 end of the row (Rhoades 1952). 

The best example of the mechanics of female meiosis affecting karyotype 
evolution comes from paracentric inversions (i.e., those that do not include 
the centromere), though drive itself is not involved. In Drosophila females 
heterozygous for such inversions, crossing-over within the inversion leads 
to 1 recombinant chromatid having 2 centromeres attached to different 
spindle poles, and 1 having no centromeres. Both of these tend to end up in 
the middle meiotic products, with the nonrecombinant chromosomes in 
the outside meiotic products, and therefore in the egg. This selection for 
nonrecombinant chromosomes underlies the use of inversions as balancer 
chromosomes (i.e., chromosomes that will not recombine with wildtype 
chromosomes) in Drosophila genetics. The fact that heterozygosity for a 
paracentric inversion reduces neither female fertility nor male fertility (be- 
cause there is no crossing-over in male meiosis) means that rare inversions 
are not automatically selected against, as they would be in other taxa. As a 
consequence Drosophila populations are often segregating for paracentric in- 
versions, apparently maintained by selection for reduced rates of recombi- 
nation. 
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Other chromosomal differences can show drive at female meiosis. If 2 ho- 
mologous chromosomes differ substantially in length (e.g., through a dele- 
tion), the shorter one has the transmission advantage (Novitski 1951, 1967). 
This arises for the following reason: if there is a crossover between the 
centromere and the deletion, the first division is "equational" for the dele- 
tion, with short and long chromatids going to each pole. Just by being big- 
ger, the longer chromatid tends to drag more at the first division, and so the 
shorter chromatid leads the way. This is exactly the same as for AblO of 
maize (Fig. 8.1), except in this case the longer chromatid does not have a 
neocentromere and moves slower rather than faster. This orientation is 
maintained for the second divisions, with the result that the shorter chro- 
mosomes are more likely to end up in the 2 meiotic products at the ends of 
the array and the longer chromosomes in the middle. Because the egg de- 
rives from 1 of the 2 outer meiotic products, the shorter chromosome has 
the transmission advantage. There is thus a bias in favor of deletions, and 
against insertions, particularly as one moves away from the centromere (or, 
more precisely, as second division segregation increases). 

A similar mechanism also gives an inherent bias to chromosomal inver- 
sions that move the centromere closer to the middle of the chromosome 
(Heemert 1977, Foster and Whitten 1991). If females are heterozygous for an 
inversion across the centromere (a "pericentric" inversion), crossing-over 
within the inversion will produce reciprocal duplication-deficiency (Dp-Df) 
chromosomes that will be lethal if included in the egg. If the chromosomes 
differ substantially in the position of their centromeres, there will be a ten- 
dency at the first division for the more metacentric chromosome to segre- 
gate with a long Dp-Df chromatid (which will drag), and the more acro- 
centric chromosome to segregate with a short Dp-Df chromatid (which will 
precede it to the pole). Among functional eggs, the more metacentric chro- 
mosome will therefore have a transmission advantage. In a study of 3 blow- 
fly (Lucilia cuprina) inversions with large differences in relative centromere 
positions, the more metacentric chromosome was inherited by about 60% 
of the progeny when the female was heterozygous (Foster and Whitten 
1991). Transmission through males did not differ from the Mendelian 50%. 
Less extreme pericentric inversions showed no detectable drive, nor did 
paracentric inversions (i.e., those not including the centromere). 

It is an open question to what extent such biases have been important 
in molding dipteran karyotypes— whether, for example, the advantage of 
shorter chromosomes has constrained the accumulation of "junk" DNA 



320 



Female Drive 



and kept the genome of Drosophila relatively small compared to some other 
insect groups (e.g., grasshoppers). If this effect has been important, we would 
expect the density of junk to decrease with distance from the centromere. It 
does seem that large supernumerary segments are rarer in dipterans than in 
some other taxa such as grasshoppers. As for the bias in favor of more 
metacentric chromosomes, the reduced fertility associated with pericentric 
inversion heterozygosity will be a selective barrier to karyotypic change. We 
would expect the barrier to be lower (and therefore drive more important) in 
species with small population sizes and with strong competition among sib- 
lings, so zygotes that die because they inherit a Dp or Df chromosome can 
be replaced by a close relative. 

Karyotypes have been described in species after species for more than a 
hundred years. But until recently there has been little theoretical concep- 
tion about how variation in simple parameters like the number, size, and 
shape of chromosomes could possibly be accounted for. Perhaps there is 
something idiosyncratic about every chromosomal rearrangement that de- 
termines its fate (e.g., changes in the sequence or expression of genes near 
the junctions), and one should therefore not expect to find general trends. 
But such trends are found, as suggested by White's (1973) survey of a large 
number of cases in which the same type of rearrangement has gone to 
fixation many times in the same lineage— what he calls "karyotypic ortho- 
selection" (Foster and Whitten 1991). The bimodal distribution of chromo- 
some morphologies in mammals is another example of such concerted evo- 
lution. Perhaps now we can (dimly) see that part of the answer is likely to lie 
in the mechanics of female meiosis. 

Polar Bodies Rejoining the Germline 

We have emphasized in this chapter that the asymmetry of female meiosis 
presents an opportunity for a selfish genetic element to drive by arranging 
to be transmitted to the "correct" meiotic product. In principle, another 
way to exploit this asymmetry is to contrive, somehow, to convert the mei- 
otic product the element ends up in into an egg or ovule— not to avoid polar 
bodies, but to transform them, and shift them back into the germline. In 
some species meiotic products that would normally be polar bodies do re- 
join the germline. This can occur in two ways: the polar body can take the 
place of the sperm and fuse with the egg nucleus to restore diploidy, a form 
of automictic reproduction; or it can develop in parallel with the normal 
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egg, and like it be fertilized by a sperm cell and then develop into a normal 
embryo. What is not yet clear in either case is whether the change of fate is 
due to genes active in the polar bodies (in which case they are selfish), or 
whether it is due to genes in the diploid tissue (in which case they are not). 

Automixis. In some animal species, females go through 2 more-or-less nor- 
mal meiotic divisions, producing 4 haploid meiotic products. Then dip- 
loidy is restored not by fertilization but by the second polar body fusing 
with the egg nucleus ("terminal fusion"; Fig 8.6A). In other species, the sec- 
ond polar body fuses instead with a derivative of the first polar body, leav- 
ing the egg nucleus to degenerate ("centric fusion"; Fig. 8.6B); and in yet 
other species the 2 products of the first meiotic division fuse, followed by a 
single second division, producing a diploid egg and a single polar body. 
Such automictic reproduction is the norm in some species, and reproduc- 
tion is essentially clonal; in other species it seems to occur sporadically, as if 
by accident. In modeling the evolution of these unusual modes of repro- 
duction, the convention is to consider the fusions as properties of the 
mother, and so genes for them are expected to increase if the fitness of the 
resulting offspring is more than half that of an outcrossed offspring (the 
"twofold cost of sex"). But perhaps these fusions are controlled instead by 
genes expressed in the polar body itself. The conditions for such a gene to 
spread would be considerably relaxed, and such a gene could legitimately be 
called "selfish," as it would be acting against the interests of genes in the 
mother, the egg nucleus, and other genes in the polar body that are linked 
to different degrees with the centromere. Such activity would appear to re- 
quire either transcription in the polar bodies or, conceivably, the sequestra- 
tion of active molecules by attachment to the chromosomes (analogous to 
SD in Drosophila; see Chap. 2). 

Sexual progeny. In some plants and animals, 2 or even all 4 of the prod- 
ucts of female meiosis can be fully functional, able to be fertilized and to 
develop into a normal organism. For example, in the plant Sedum chrysan- 
thum (Crassulaceae), all 4 meiotic products appear to be functional, forming 
lateral tubes that grow through the maternal nucellus in the direction from 
which the pollen tube is going to arrive (Subramanyam 1967). Because 2 or 
3 maternal cells may undergo meiosis in the same nucellus and all the prod- 
ucts are active, there can be quite a tangle of haploid tubes (Fig. 8.7). Even- 
tually, 1 of them penetrates through the nucellar epidermis, and this is the 1 
that develops into the female gametophyte and is fertilized. The impression 
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Figure 8.6 Polar bodies rejoining the germline in automictic reproduction. A. Terminal 
fusion. The crossed polar bodies degenerate and the shaded cell gives rise to the em- 
bryo. B. Central fusion. The crossed egg cell and polar body degenerate, and the shaded 
cell gives rise to the embryo. Adapted from Suomalainen et al. (1987). 



one gets is of a race. That sister meiotic products might compete is not sur- 
prising; what is not clear is why in this and some other species (Maheshwari 
1950, Johri 1963), multiple meiotic products are active while in others they 
are not. Is this due to gene expression in maternal tissues or in the polar 
bodies? It would also be interesting to know the evolutionary lifespan of 
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Figure 8.7 Competition among polar bodies in Sedum cbrysanthum (= Rosularia pallida). 
Two or 3 cells in a single nucellus can go through meiosis, each one producing 4 viable 
meiotic products that appear to race up to meet the incoming pollen. Only 1 of them 
will be fertilized and develop into a seed. Adapted from Maheshwari (1950). 



such an arrangement— we might predict that competition will evolve to be 
sufficiently destructive that maternal modifiers reimposing a single winner 
might eventually be selected. 

Development of multiple female meiotic products has occasionally been 
reported in animals as well. For example, in the polyclad flatworms Pros- 
theceraeus vittatus and Leptoplana, the first meiotic division can produce 2 
cells of equal size; in the second division, each of these produces a small po- 
lar body and then is fertilized to give rise to 2 independent embryos (Wilson 
1928). The production of 2 embryos from a single meiotic precursor is re- 
ported as a "spontaneous abnormality"; we wonder whether there is genetic 
variation for this behavior and at which stage (pre- or postmeiotic) it is ex- 
pressed. 
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B Chromosomes 



B CHROMOSOMES ARE CHROMOSOMES that are additional to the normal set 
(called the As) and that are regularly found in some— but not all— individuals 
within a population. By definition then, they are not a necessary part of the 
genotype. Indeed, as we shall see, they are often harmful in their phenotypic 
effects (especially as they increase in number) and are maintained because 
they possess a "self-accumulation mechanism," that is, they give themselves 
an advantage in propagation not normally shared by any of the As. They 
drive. A minority of Bs, however, are either neutral or positive in their ef- 
fects, the latter showing drag and the former near-Mendelian transmission. 
At meiosis— when there is more than 1 B present— B chromosomes some- 
times pair with each other and form chiasmata but not with the As. In other 
words, they are not trisomies, additional copies of 1 or more of the regular 
chromosomes that pair with their homologous chromosomes (e.g., all three 
21st chromosomes causing Down's syndrome pair as a trivalent). They have 
escaped the discipline of the diploid set (for a typical A, 2 copies and 2 cop- 
ies only) and can vary in number between (and within) individuals: 0, 1,2, 
3, 4, and so on. Although presumably all B chromosomes ultimately come 
from A material, they may be viewed now as independently evolving ge- 
netic parasites that are selected to increase their own rates of transmission 
while minimizing associated negative phenotypic effects (Ostergren 1945, 
based in part on the work of Muntzing 1945). Because Bs are found in only 
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some individuals, selection on a B to drive is usually stronger than it is on 
As to stop it (Ostergren 1945). Regarding phenotypic traits, it is notable that 
in roughly half of all species with B chromosomes, Bs are highly heterochro- 
matic (Jones and Rees 1982), a staining characteristic associated in other 
contexts with lack of genetic expression (e.g., Y chromosomes, inactivated 
Xs in female mammals, inactivated paternal chromosomes in male scale in- 
sects). There is independent evidence that Bs are usually mostly genetically 
inactive, perhaps having their main effects on transmission ratio distortion 
and (inadvertently) genome size and, therefore, rates of cell division (major 
gene effects being, with a few exceptions, conspicuously absent). As a result 
of the absence of coding genes and high frequency of repetitive elements, 
the study of the genetics and molecular biology of Bs is still in its infancy. 

Although less widespread than transposable elements, Bs are the easiest 
kind of selfish element to detect, showing up usually as extra chromo- 
somes visible under the microscope, often staining heterochromatic or with 
unique heterochromatic bands. Because they are so easy to detect, Bs were 
discovered early in the history of cytogenetics, about 100 years ago (Wilson 
1906, 1907). They are now known from almost 2000 species (Jones and Rees 
1982, Camacho et al. 2000, Jones pers. comm.) and are discovered regularly 
whenever cytogenetic work is done; a recent group shown to have Bs are the 
thorny-headed worms (Spakulova et al. 2002). Although there is large varia- 
tion in the number of species with Bs between families, some of this varia- 
tion is easily explained by differences in intensity of study. For example, 
only 3 plant families have more than 100 species with Bs and each has been 
studied intensively cytogenetically: the Gramineae (economic importance) 
and the Compositae and Liliaceae (amenable to study). Bs are present in a 
significant minority of species (2-15%) in many animal and plant groups. In 
a particularly well studied flora, British angiosperms, fully 15% of species 
have B chromosomes (Jones 1995, Burt and Trivers 1998b). 

The chief advantage of this high frequency of known cases of selfish ele- 
ments is the possibility of making comparative statements with some empir- 
ical foundation. Is inbreeding associated with a decrease in the frequency of 
the ^haplotype on islands and SR in laboratory populations? Evidence may 
be partial or equivocal. Regarding the parallel assertion concerning B chro- 
mosomes—namely, that they are restricted to outbred populations (Jones 
and Rees 1982)— we shall see that there is clear and convincing positive evi- 
dence from a detailed study of the British flora. Comparative work also 
shows that the presence of Bs is associated with a variety of A characters, in- 
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eluding genome size, chromosome number, ploidy level, and typical A 
chromosome shape. Unfortunately, because of the absence of genetic mark- 
ers on B chromosomes, the phylogeny of the Bs themselves is nearly com- 
pletely unknown. 

The literature on B chromosomes is very large and has benefited from ex- 
cellent review work: on all aspects of Bs (Jones and Rees 1982), the first in- 
ternational conference on Bs (Beukeboom 1994), Bs in plants (Jones 1995), 
and recent work on Bs (Camacho et al. 2000, Puertas 2002, Jones and 
Houben 2003, Camacho 2004, 2005). 

We begin our review by describing the various modes of non-Mendelian 
inheritance. We describe the transmission parameters of several well-studied 
species, the phenotypic effects of B chromosomes, and the environmental 
correlates of their frequency in nature. In most species, Bs apparently exist 
in spite of negative phenotypic effects because their net effects on transmis- 
sion (measured across the 2 sexes) is positive; but in a small minority of spe- 
cies, their net effect on transmission is negative (or neutral), while their net 
phenotypic effects are positive (or neutral). We show that B chromosomes 
are rare in inbred systems and that they appear to cause the A chromosomes 
to show heightened recombination, perhaps as an adaptive response by the 
As. B chromosomes are also more frequent in species with larger genomes, 
fewer chromosomes, and lower ploidy. Especially interesting is the fact that, 
in mammals, Bs are more frequent when a higher frequency of As are acro- 
centric. 

A bizarre variety of B chromosomes have evolved: from Bs that are so 
small they consist only of centromeric material (Wolf et al. 1991, 1996) to 
Bs that gain their advantage by causing the destruction of all other paternal 
chromosomes (Werren and Stouthamer 2003). B chromosomes are a set of 
renegade As that have set themselves adrift from the regular set and the dis- 
cipline of the diploid state and now evolve according to relatively simple 
principles of self-accumulation, as impeded by counteradaptations on the 
As and the growing phenotypic costs as they increase in number. They have 
evolved an impressive array of means to achieve drive— both mitotic and 
meiotic— and to these we turn next. 



Drive 

Drive is the key to understanding Bs and it occurs in a great variety of ways, 
but it is noteworthy that for none of these are the molecular mechanisms 
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known. In what follows, we rely heavily on the excellent reviews found in 
Jones and Rees (1982), Jones (1991), and Jones (1995). We concentrate first 
on the various kinds of drive and then review what little is known about the 
genetics of drive. We review parameters of drive in well-studied species and 
emphasize that in a significant minority of species Bs fail to show drive and 
may even drag. We conclude by describing the way in which a greater degree 
of outbreeding is expected to increase the success of Bs, and we review sup- 
porting evidence from plants. 

Types of Drive 

Bs can drive during female meiosis by moving toward the egg pole, and in 
some very unusual ways, such as destroying paternal A chromosomes, but in 
all other cases, B chromosomes use nondisjunction as part of their mecha- 
nism of self-accumulation. When a B chromosome in a cell replicates itself, 
these two may fail to detach and this nondisjunction causes one daughter 
cell to inherit 2 B chromosomes and the other 0— rather than the faithful 1 
copy each that regular disjunction gives (Plate 8). There has been no increase 
in average copy number, of course, only an increase in the within-individual 
variation; but if nondisjunction is either directional— with a bias toward the 
germline— or is followed by more rapid reproduction of the B-containing 
germinal cells, the B will increase in number in the relevant lineage (Fig. 
9.1). Imagine, for example, the cell prior to the first cell of a gonad (or 
germline-soma split). When it divides, one cell initiates the gonad and the 
other daughter cell becomes a helper, in other words, a somatic cell. Di- 
rected nondisjunction at this crucial cell division will give the B an advan- 
tage in propagation. There are a series of such nodal points in development, 
and each gives an opportunity for directed nondisjunction. 

In addition to directed nondisjunction, at any time in the development 
of the germline, the nondisjoined B may cause its cell to outreproduce sister 
cells lacking the B. This is not expected to be an intrinsic tendency of B 
chromosomes; quite the contrary, by adding DNA, Bs tend to slow cell de- 
velopment, increase cell size, and decrease rates of mitosis (see later). These 
effects are stronger (in rye) per unit B chromosome added than per unit A, 
perhaps because Bs are more compacted (e.g., Evans et al. 1972). Thus, over- 
reproduction of cells with Bs must result from some directed activity of the 
B, including possibly hostile actions toward neighboring cells lacking Bs. In 
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Figure 9.1 Two primary ways by which B nondisjunction gives an advantage. Left: 
Gonotaxis, or preferential movement to the germline. Right: Overreplication (in germi- 
nal cells) compared to cells not containing the Bs. 



any case, nondisjunction creates the variance in B number per cell that can 
then select for drive. 

Because it is sometimes unclear whether nondisjunction is directional or 
is associated with overreproduction of B cells, we organize the following ex- 
amples according to the time in development when the Bs gain their repro- 
ductive advantage. The gain can be: 

1. Mitotic (before meiosis) 

2. Meiotic 

3. Gametophytic (after meiosis) 

4. At fertilization 

Like A drive, the selfish advantage usually occurs in one sex only. 

Mitotic (before meiosis). In the plant Crepis capillaris, a single B repli- 
cates itself faithfully in vegetative tissue (meristem, root, caudicle, leaf); 
but 1 to 4 days prior to the transition to reproductive shoots, nondis- 
junction of Bs apparently results in stem cells with no Bs and 2 Bs and cells 
with 2 Bs soon predominate (Fig. 9.2). Although self-accumulation of B 
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Figure 9.2 Distribution of Bs in different parts of the plant Crepis capillaris. Note that 
Bs increase in frequency as they approach the flowers. Adapted from Jones and Rees 
(1982), based on Rutishauser and Rothlisberger (1966). 



chromosomes prior to meiosis is relatively rare in plants, it appears to be 
common in some animals. Nondisjunction always appears to be involved 
but to what degree this is directional is usually not known. In grasshoppers 
there are several examples of B chromosome increase during mitoses in 
testicular tissue (Nur 1969a). In Calliptamus palaestinensis this increase is 
achieved in early embryos during the differentiation of germ cells from so- 
matic tissues, apparently by a form of directed nondisjunction (in IB indi- 
viduals) such that 2B germ cells outnumber 0B cells by 15:1 while somatic 
tissue remains IB (Nur 1963). In Camnula pellucida Bs are 37% more fre- 
quent in spermatocytes than in the gastric caeca (Nur 1969b). The same 
kind of premeiotic drive also occurs in the locust Locus ta migratoria (Kayano 
1971,Viserasetal. 1990). 

Meiotic. Meiotic drive for a B chromosome was first shown in the lily 
Lilium callosum (Kayano 1957). IB females generate 80% IB progeny (when 
crossed with 0B males) instead of the Mendelian 50%, and this is achieved 
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by directional movement toward the micropylar pole in 80% of meioses. 
The developing embryo sac is broadest at the micropylar end, where the egg 
cell lies. Univalent Bs tend to lie outside the metaphase plate, usually on the 
micropylar side of the spindle. This drive appears to maintain the B in 
Lilium in spite of its considerable negative effects on survival and fertility 
(Kimura and Kayano 1961). Such drive is analogous to the drive of hetero- 
chromatic knobs on the A chromosomes of maize, in which knobs end up 
preferentially in the cells that become eggs (see Chap. 8). 

A closely parallel animal case occurs in the grasshopper Myrmeleotettix 
maculatus (Hewitt 1973, 1976). The spindle is asymmetrical and, in both IB 
and 2B oocytes, Bs tend to be found off the metaphase plate and on the side 
of the egg rather than the polar body (Fig. 9.3). The degree of asymmetrical 
distribution on each side of the metaphase plate correlates closely with the 
degree of B drive in females (Hewitt 1976). Bs show drag in males but the 
net effect is positive. There are many additional examples from grasshop- 
pers (reviewed in Camacho 2005). 

In males of the scale insect Pseudococcus affinis paternal chromosomes are 
heterochromatized early in development and kept that way until spermio- 
genesis, when they degenerate (see Chap. 10). A B is heterochromatic through- 
out life until late prophase I, when it decondenses, becomes euchromatic, 
and, whatever its origin, joins the maternal haploid set, which is passed on 
to offspring in unreduced form (Nur 1962). Transmission rates exceed 90% 
in some crosses. How B chromosomes revert to euchromatic at the key mo- 
ment is unknown. Note that nondisjunction is not involved. 

Gametophytic. By far the most common type of B drive in flowering 
plants takes place almost immediately after meiosis during the development 
of the male gametophyte (Jones and Rees 1982). The usual mechanism is di- 
rected nondisjunction of the Bs into the generative nucleus as opposed to 
the pollen tube nucleus (Fig. 9.4A). This is a clever trick because the (dou- 
bled) B not only passes into the next generation but it also avoids exert- 
ing any debilitating effects on itself during the key pollen tube competition 
preceding fertilization! Strangely enough, rye pollen from plants with Bs 
outcompetes pollen from plants without Bs in pollen tube competition 
(Puertas and Carmona 1976). 

This mechanism is common in grasses but is also found more widely. In 
grasses the spindle is asymmetrical at first pollen mitosis, being blunt at the 
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Figure 9.3 B drive during female meiosis in a grasshopper. Distribution of B chromo- 
somes on the spindle in oocytes of the grasshopper Myrmeleotettix maculatus. Top: divi- 
sion of the spindle into nine equal segments for scoring. Middle: B distribution in IB 
individuals. Bottom: same for 2B. The asymmetry of the spindle means that more Bs 
end up on the egg side of the metaphase plate than on the polar body side. Adapted 
from Jones (1991), based on Hewitt (1976). 



generative pole and longer and pointed at the vegetative; but whether this 
facilitates a move to the generative pole is unclear. Rye is unique among 
known grasses in adding drive through female reproduction to the usual 
pattern in males (Fig. 9.4B). The B chromosome system in rye is unusually 
well studied (reviewed in Jones and Puertas 1993). 
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Figure 9.4 B drive in rye. B chromosome reproduction is shown for both male and fe- 
male sporogenesis in rye. A. Microsporogenesis (male). The B shows nondisjunction, 
avoids the pollen tube nucleus during pollen grain mitosis, and lands instead in the 
generative nucleus that rises to the sperm cells. B. Megasporogenesis. The B shows 
nondisjunction and moves toward the egg cell, avoiding the antipodal. Adapted from 
Jones and Rees (1982). 



At fertilization. The only known case of nondisjunction at the second pol- 
len mitosis (in maize) appears to be nondirectional, but sperm with Bs are 
more likely to fertilize the ovule than those without, which are more likely 
to become part of the endosperm (Roman 1948), in which they are often 
lost during subsequent development (Alfenito and Birchler 1990). 

Note that there are no cases of B drive in the male sex accomplished by 
disabling non-B-containing sperm, as there are for many cases of classic 
autosomal and X-Y drive (see Chaps. 2 and 3). At first glance, this seems 
puzzling. Meiosis itself will produce variation in B number (e.g., 1 and 0), 
and this can easily be augmented by nondisjunction (2 and 0). The B-con- 
taining cells could produce some developmental poison to which they pos- 
sess the antidote. We believe that their escape from the diploid set may have 
limited this kind of spiteful action. An A chromosome (or a nonrecombin- 
ing section of one) can attack its homolog and "know" that, because of the 
diploid system, it will not be found with its disabled homolog in the same 
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cell— in other words, it will not suffer this kind of return cost. By contrast, a 
B attacking an A risks, absent any biased association at meiosis, being found 
with the injured A half the time. Put another way, a poison-antidote analogy 
is itself misleading. In the only case of A drive in males in which the mecha- 
nism is known (SD in Drosophila), the driver is inert to its poison not be- 
cause it has a detoxifying agent but because it lacks the genomic material 
under attack in the homolog (see Chap. 2). Bs have plenty of targets to at- 
tack; but having set themselves free of diploidy, they must find it difficult to 
move opposite particular A chromosomes they have just disabled. Absent 
this ability, a B suffers the cost of the damaged A half the time, just as do the 
OB sperm cells, for a net loss in transmission compared to a nonspiteful B. 

Unusual modes of drive. PSR is a B chromosome that in a haplodiploid 
wasp enters the egg via a sperm and promptly destroys the A chromosomes 
with which it arrived, thereby converting what would normally have devel- 
oped as a female into a male. The B gains a benefit if the sex ratio is female- 
biased (reviewed in Werren and Stouthamer 2003). In 2 other species, Bs 
also arrive alone from the male parent but in a different manner than does 
PSR; they arrive with sperm that otherwise serves only to initiate develop- 
ment in the egg (pseudogamy). The flatworm Polycelis nigra is a hermaphro- 
dite that can reproduce either sexually or asexually (reviewed in Beukeboom 
et al. 1998). In the latter case, sperm are necessary to initiate development 
but their chromosomes are eliminated from the egg. Not so, apparently, for 
a B chromosome, which is transmitted paternally in pseudogamous cou- 
plings as well as maternally (Beukeboom et al. 1998). Rates of infestation 
(with at least 1 B) can reach 90%. This high frequency may, in part, be ex- 
plained by the fact that each worm has a functional male and female repro- 
ductive system, so Bs can presumably be transmitted from each individual 
to the progeny of any other; they can, thus, jump between asexual lineages. 
Phenotypic costs of Bs are modest and found only in some populations— a 
decreasing rate of cocoon production with increasing B numbers and a de- 
crease in the growth rates of offspring of B-carrying mothers. All other vari- 
ables are unaffected, including adult body size, cocoon fertility and size, 
and number of young per cocoon (Beukeboom et al. 1998). 

A somewhat similar system, involving microchromosomes, is found in 
an ameiotic fish, the Amazon molly Poecilia formosa (Schartl et al. 1995, 
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Table 9.1 Major nodal points for drive by Bs 



Stage 



2B 



OB 



Groups 



Early in development Germline Soma Plants/animals 

Meiosis Egg cell Polar body Plants/animals 

1st pollen grain mitosis Generative nucleus Pollen grain nucleus Plants 

2nd pollen grain mitosis Zygote Endosperm Plants 



Schlupp et al. 1998). The species requires sperm from a closely related spe- 
cies to initiate development, but the sperm contribute no genes except 
those found on microchromosomes, which are occasionally passed by the 
male. These can never return to the species of origin; hence drive is not se- 
lected, which may be why such Bs are found in only about 5°/o of sexual in- 
dividuals in the wild. 

Nodal points in development. There are surprisingly few nodal points in 
development during which directed movement can give a B chromosome 
an advantage (Table 9.1). In animals there are usually only 2, one a conse- 
quence of multicellularity and the other of anisogamy. It could easily have 
been otherwise. For example our gonads could differentiate in place, succes- 
sive waves of gonadal somatic tissue breaking off from the germinal core 
(e.g., in the testes, Sertoli cells, or endocrine cells). Each successive somatic 
differentiation would give another nodal point at which directed nondis- 
junction could give a B chromosome an advantage. 

This is exactly the opposite of what actually occurs. To take only tetra- 
pods: the germinal tissue invariably migrates some distance— by its own ac- 
tions and with the help of intervening cells— into a particular region of so- 
matic cells ("genital ridge") that it induces to differentiate into the various 
categories of helper cells. At this point the single nodal point connecting 
these tissues is many cell generations in the past, so that even nondirec- 
tional disjunction in somatic cells, followed by reactivation of 2B cells into 
germinal tissue, may be effectively foreclosed by too many generations of 
somatic differentiation since the nodal split. In short, the actual plan of de- 
velopment in complex, multicellular creatures such as humans requires only 
1 nodal point between somatic and germinal tissue, itself distant in space 
and time from the differentiating gonadal tissue. 
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Genetics of A and B Factors Affecting B Drive 

The genetic factors affecting B drive (located both on Bs and on A chromo- 
somes) are poorly known. Except for rye and maize, nothing is known in de- 
tail about the genetics of B effects on B drive, and work on A genetic effects 
on B drive is confined to a few species. Like other selfish elements, the phe- 
notype of an individual (high or low B drive) is known only from a study of 
the individual's progeny, making genetic studies more difficult. More im- 
portantly, Bs are not found in model organisms such as mice, Drosophila, 
yeast, and so on. Regarding evidence, it has long been known that rates 
of accumulation vary among rye cultivars (Miintzing 1949, Matthews and 
Jones 1983), and Carlson (1969) described an inbred maize line in which Bs 
did not accumulate. These results suggest, but do not prove, A variation in 
genes affecting B drive. Likewise, accumulation rates vary among individu- 
als of Hypochoeris maculata (Compositae), but no genetic analysis has been 
performed (Parker et al. 1982). Genetic studies are reviewed here. 

The scale insect Pseudococcus obscurus. The genetics of the A-B interaction 
has been studied with unusual care in the mealybug Pseudococcus obscurus 
(Nur and Brett 1985, reviewed in Bell and Burt 1990). The species shows 
paternal genome loss, which greatly facilitates genetic analysis. Males are 
functionally haploid because the paternal set of A chromosomes is made 
heterochromatic and inactive, and only the maternal set is transmitted in 
sperm (see Chap. 10). B chromosomes are transmitted regardless of their im- 
mediate ancestry and they thus drive. Paternal genome loss makes it possi- 
ble to transfer a given B from one A background onto another. When out- 
crossing a male with Bs into a new population, with a female lacking Bs, he 
will inevitably produce some sons and these will transmit only their mater- 
nal A genes. If we were to back-cross these sons to their maternal lineage, we 
would in 2 generations introduce a B chromosome into a completely novel 
A background. Lines developed from singly inseminated females captured 
from nature vary widely in their frequency of Bs, some having as many as 4, 
on average, and some having none. In some lines, the number of Bs in- 
creased or decreased sharply in a few generations of lab culture, as if B suc- 
cess was being molded by A background. Similar variation has been found 
in the progeny of an uninfected individual mating with an infected individ- 
ual within the same population: some sublines have eliminated Bs entirely; 
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and in some, they have proliferated. When a standard B found in 1 line was 
transferred into 3 other lines lacking Bs, it accumulated rapidly in 1 line but 
not in the other 2. A more elaborate series of crosses confirmed these results 
and also demonstrated variation within lines, so natural populations seem 
to be segregating for alleles at not less than 2 A loci that affect resistance to 
B drive (Nur and Brett 1987). There is no evidence in this species that Bs of 
different origin vary in their degree of drive against a constant A back- 
ground (Nur and Brett 1985, 1987). Drive suppressor genes apparently work 
by interrupting the decondensation of the Bs so they no longer segregate 
preferentially with the euchromatic set (Nur and Brett 1988). 

The grasshopper Myrmeleotettix maculatus. Crosses of individuals from 2 
source populations of M. maculatus, one with Bs and one without, created 
families with which to measure variance in drive due to A and B factors 
(Shaw and Hewitt 1985, Shaw et al. 1985). These data suggested additive ge- 
netic variance for accumulation in the female line, perhaps due to a single A 
locus. 

Rye. Extensive crosses have been performed in rye lines selected for high 
and low rates of B transmission. Genes affecting B transmission on the male 
side in controlled crosses of rye are found on the Bs themselves (Puertas et 
al. 1998; see also Jimenez et al. 1997). These "genes" are hypothesized to be 
sites for chiasmata formation, because in lines selected for high transmis- 
sion, pairing of 2 Bs occurs 88% of the time (and the B is inherited 83%) 
while in low lines, Bs form bivalents 19% of the time (and are inherited 
44%; Jimenez et al. 1997). It is interesting that, while rye Bs introduced into 
wheat undergo normal nondisjunction in both the male and female game- 
tophyte (Miintzing 1970), they are less efficient at pairing together at meio- 
sis and so are prone to elimination (Miintzing et al. 1969). Lower transmis- 
sion through females in lines selected for low transmission could be the 
result of the same trait or it could be an independent one, located either on 
the As or on the B (Romera et al. 1991). Early observations suggested that 
the maternal parent affected B drive: pollen grains formed in 2B parents 
whose maternal parental was also 2B showed high B transmission, while OB 
plants whose maternal parent was 2B were highly accepting of B pollen 
(Puertas et al. 1990). These intriguing observations have never been re- 
peated. 
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Figure 9.5 B regions controlling B nondisjunction in maize. The B chromosome in 
maize, with 4 regions numbered that control nondisjunction of the B. The fourth con- 
tains the centromere (open circle). Adapted from Carlson and Chou (1981). 



Maize. The genetics of the various B factors that determine B chromosome 
accumulation are known only in some detail from maize, and even here, no 
protein-coding genes have been isolated, only regions of the B. Recall that 
in maize the Bs show nondisjunction at the second pollen grain mitosis, 
and then the sperm with the 2 Bs is disproportionately likely to fertilize the 
egg rather than contribute to the polar body. Three regions of the B are cru- 
cial for the occurrence of nondisjunction, and a fourth enhances the fre- 
quency of nondisjunction (Lin 1978, 1979, Carlson and Chou 1981, re- 
viewed in Carlson and Roseman 1992; Fig. 9.5). In addition, there is at least 
1 gene on the A chromosomes that is active in the haploid egg, determining 
whether it is preferentially fertilized by B-containing sperm, and another 
that controls whether the B shows drag at female meiosis (Chiavarino et al. 
1998, Chiavarino et al. 2001, Gonzalez-Sanchez et al. 2003). 

Transmission Rates in Well-Studied Species 

Measures of B drive as a function of B number and sex of individual are 
known in some detail for about 15 species (Table 9.2). Several features of 
these data are worth mentioning. First, drive usually occurs in one sex and 
not the other; indeed, the B may suffer drag in the nondriving sex. Drive is 
always strongest for the univalent and typical values range from 0.7 to 0.9. 
Drive usually drops steadily with increasing B number. Because individuals 
with 1 B are also usually the most common B-bearing individuals, drive as a 
univalent is usually the critical drive parameter affecting frequency. If the B 
shows drag, drag is strongest in the univalent and transmission increases 
with B number so as to become nearly Mendelian at the highest numbers. 
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In other words, whether Bs drive or drag, they always show nearly 50% 
transmission at high B numbers. 

Absence of Drive 

Transmission data are available for Bs in about 70 species of plants and, ac- 
cording to Jones (1995), of these only about 60% show detectable drive. 
Half of these are in the Gramineae and typically show drive at second pol- 
len mitosis via nondisjunction, with or without accumulation in the female 
germline. The remaining 40% either show no detectable drive or show a net 
loss of Bs. It is not clear how many of these are characterized by modest 
drive, rather than none at all. Bs showing drag must be beneficial to be 
maintained in a stable polymorphism. Jones (1995) suggests that it would be 
"grossly misleading" to regard all plant Bs as being selfish elements, main- 
tained by drive. And, as we will see, in the grasshopper Eyprepocnemis there is 
clear evidence that successive B chromosomes have been neutralized, losing 
their drive and being partly replaced by new variants that reestablish drive, 
that are, in turn, neutralized. 

Degree of Outcrossing and Drive 

It has long been noted that Bs are preferentially found in outcrossing spe- 
cies (e.g., Jones and Rees 1982). Moss (1969) reports doing a comparative 
study of plant families (but presents no details) and concludes that Bs are 
largely excluded from inbred and asexual species. This, in turn, is expected 
on theoretical grounds (Puertas et al. 1987, Bell and Burt 1990, Shaw and 
Hewitt 1990). In inbred or asexual species, all natural selection is between 
competing lines of descent and lines without Bs are expected to outcompete 
those with Bs (which suffer the phenotypic costs). By contrast, in outcrossed 
species, uninfected lines of descent can be continually reinfected, and Bs 
can persist because they drive. Inbreeding increases the variance of B num- 
ber among individuals and therefore the efficacy of natural selection in re- 
ducing their number. It also increases the power of selection because high B 
number is disproportionately associated with phenotypic cost and also with 
reduced drive. 

This logic was addressed by Burt and Trivers (1998b) in a model in which 
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Outcrossing rate 

Figure 9.6 B frequency as a function of outcrossing. The expected frequency of B-con- 
taining individuals is plotted as a function of outcrossing rate. Calculations assume 
fitness values appropriate to Lilium callosum (0.95 for IB individuals and 0.4 for 2B indi- 
viduals) and that drive occurs only in IB females (d = 0.5 for Mendelian transmission). 
Note that as a population becomes more inbred, the frequency of Bs declines until 
eventually they are lost from the population. Adapted from Burt and Trivers (1998b). 



B number was permitted to vary from to 2 and drive occurred only as a 
univalent in females (Fig. 9.6). The model confirms that higher degrees of 
outbreeding are associated with higher equilibrium frequencies of Bs, with 
exact values depending on the degree of B drive and the harm done to the 
host. Across 353 species of British flowering plants, outbreeding is, indeed, 
strongly associated with the presence of Bs. This is true for all plants (Table 
9.3), separately for Gramineae, Compositae, and all others, and in a taxo- 
nomic contrasts test (p~0.002). Experimental studies also support the rela- 
tionship between Bs and outcrossing. Muntzing (1954) inbred the normally 
outbreeding rye (Secale cereale), and B frequency declined. Similarly, Bs ex- 
perimentally introduced into S. vavilovii, which inbreeds, rapidly declined 
in frequency (Puertas et al. 1987). 

Burt and Trivers (1998b) also noted that the connection between breed- 
ing system and B presence is inverted for beneficial Bs. That is, inbreeding 
promotes the spread of beneficial Bs. Naturally the relationship with breed- 
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Table 9.3 


B chromosomes and breeding system in 


British 


plants 








Breeding System 


No. Species 




% 


with Bs 




Selfed 
Mixed 
Outcrossed 

Total 


55 

205 

93 

353 








5.5 

6.8 

27.9 

12.5 



From Burt and Trivers (1998b). 



ing system may be more complex when Bs are beneficial at low number but 
harmful at higher. 

Effects on the Phenotype 

As in most cases of selfish genetic elements, phenotypic effects of Bs are of- 
ten very modest. Effects on growth and development are usually slight. A 
striking exception, at least in plants, is the strong and widespread effect on 
fertility (Jones and Rees 1982). One universal effect of B chromosomes is 
that they increase genome size, which, in turn, has correlated effects on cell 
size and cycle. Increasing numbers of Bs have increasing effects and these 
obey an odd-even rule, whereby odd numbers of Bs (1 and 3) have larger ef- 
fects on the phenotype than even numbers (e.g., 2 and 4). Here we review 
these and other phenotypic correlates of Bs, following closely Jones and 
Rees (1982) and Jones (1995) as updated wherever possible. 

Effects on Genome Size, Cell Size, and Cell Cycle 

Perhaps the most direct effect of Bs on the phenotype is their effect on ge- 
nome size and correlated variables, such as cell size and duration of cell cy- 
cle. That is, Bs add DNA. They also appear to do so more than their relative 
lengths suggest (that is, they are more compacted). We might easily expect 
these effects on cell size and slowed-down cell cycle to be reflected in re- 
tarded growth and development; yet for plants, Jones (1995) notes that such 
effects are "slight and difficult to detect." It is not clear whether these may 
reflect an adaptation of the A genotype to the presence of Bs— in other 
words, whether the As are somehow compensating systematically for in- 
creases in cell size and length of cell cycle. 
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One effect of Bs lengthening cell cycles is foreclosure of a major avenue 
of drive. In Crepis capillaris 2B cells (generated by nondisjunction) may 
outreplicate OB cells in above-ground plant tissues (Rutishauser and 
Rothlisberger 1966). Occasional examples may also occur in grasshopper 
testes but these have not been demonstrated. The tendency of 2Bs to 
lengthen cell cycles automatically makes their cells less competitive than 
those without Bs; but note that in fully 30% of plant species, the B is a tiny 
microchromosome and in another 25% the B is not tiny but is smaller than 
the smallest A. In Crepis capillaris, the B is one-third the size of the smallest 
A (Abraham et al. 1968). Across all organisms, Bs make up between 10% of 
the total genome and as little as 0.1% (with very occasional examples be- 
yond these extremes). 

Effects on the External Phenotype 

This subject was last reviewed by Jones and Rees (1982), from which the 
following can be concluded. Most conspicuous are effects on flowering 
and fertility in plants, which are invariably negative. In contrast, effects on 
growth and vigor in plants are as often positive (for low B numbers) as they 
are negative. Two cases of positive effects on germination are known, one of 
which appears to be caused by a B whose overall phenotypic effect is posi- 
tive. The negative effects on fertility in plants are also suggested by the fact 
that, for example, Bs are found in almost all wild populations of rye but 
in no domesticated cultivars, apparently because selection for high fertility 
removed them (Jones and Puertas 1993). Similar absences are true of other 
domesticated grasses, such as maize. Animal Bs show a more uniformly neg- 
ative phenotypic profile. Effects on hatching, vigor, parasite resistance, fer- 
tility, and embryo and later development are all negative. Occasionally a B 
is known to increase the size of a phenotypic trait (where relation of size to 
fitness is unknown). 

Disappearance from Somatic Tissue 

In Poa alpina Bs are found in primary but not adventitious roots (Muntzing 
and Nygren 1955), while they are progressively lost from all roots in Xan- 
ihisma texanum (Berger and Witkus 1954, Semple 1976). More recently, Bs 
have been shown to be missing in adventitious roots of Agropyrum mongo- 
lium (Chen et al. 1993) and totally eliminated from stems and leaves in Sor- 
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ghum stipoideum (Wu 1992). In the 8 species summarized in Jones and Rees 
(1982) in which Bs disappear from main roots or adventitious ones, 4 spe- 
cies also show variation in B number in other somatic or reproductive tis- 
sue. Bs are also absent from the roots of 2 species ofErianthus (Sreenivaasan 
1981). Why are there not many more species in which Bs disappear from 
roots or other tissue not destined to become germinal? One possibility is 
that any mutation on a B that caused it to disappear from somatic tissue 
would be vulnerable to manipulation by the A chromosomes so it malfunc- 
tions in the germinal tissue, thereby leading to B elimination. Jones and 
Rees list at least 12 species in which Bs vary in number in germinal tissue, as 
well as usually in some somatic tissue. Of course, plants are constrained by 
the fact that their dispersed gonads reduce the amount of strictly somatic 
tissue; but the infrequency of B elimination in roots and its complete ab- 
sence in animal somatic cells invites the question, Why not more? It is note- 
worthy that Jones and Rees (1982) cite several cases in which Bs disappear 
from pollen mother cells but none in which they do so in egg mother cells. 
Why should this be true? 

B Number and the Odd-Even Effect 

The phenotypic effect of Bs on the host organism usually depends upon the 
number of Bs it carries. In a few cases, Bs have beneficial effects at low num- 
ber but always negative effects at high numbers. For example, vegetative 
growth in the grass Festuca pratensis is greater with 1 and 2 Bs than with none, 
but lower at higher numbers (Bosemark 1957). In 2 species of the composite 
Achillea, growth and vigor is positive with low numbers of Bs (Stebbins 
1971). And examples of beneficial Bs involve benefit at low numbers only. 
This, of course, is an expected feature of any system with drive: higher num- 
bers than are useful to the organism will inevitably be generated by drive, 
even if some lower number is neutral or even useful. In most species, it is 
uncommon for individuals to have more than 3 Bs; but in a few, very large 
numbers are regularly found, up to 24 in the yellow-necked mouse 
Apodemus peninsulae (for other examples, see Camacho 2005). 

Phenotypic effects also obey a very interesting odd-even rule: negative ef- 
fects are almost always more severe in odd numbers (see Fig. 9.7). Indeed, al- 
most all B effects obey an odd-even rule so graphs, whether negative or posi- 
tive, nuclear or exophenotypic, have a saw-toothed appearance. In some 
cases, such as vegetative traits in rye, the general trajectory (with increasing 
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Figure 9.7 The odd-even effect on morphology of rye. Straw weight and number of till- 
ers per plant (measures of phenotypic quality) are plotted as a function of number of B 
chromosomes per individual. Note that effects in plants with an odd number of Bs are 
always worse than in adjacent categories of even-numbered individuals. Adapted from 
Jones and Rees (1982), data from Miintzing (1963). 



Bs) is downward but the 2B category rebounds above the category (see Fig. 
9.7). (Given drive through both pollen and ovules in rye, the 2B category is 
more nearly modal than in species with sex-limited drive.) In the harvest- 
man spider Metagagrella tenuipes, there is even an odd-even effect on the 
chances of the spider being parasitized by hemogregarine protozoa: B-even 
individuals are much more likely to be parasitized in the summer than B- 
odds and they have lower body weight than those without Bs, while the 
body weight of B-odds is unchanged (Gorlov and Tsurusaki 2000a). Note 
this runs opposite to the usual pattern because here B-even individuals are 
harmed. 

It is noteworthy that the odd-even rule applies even at the nuclear level, 
for example, in the association with reduced nuclear protein and RNA per 
nucleus in rye (Kirk and Jones 1970; Fig. 9.8). Why should there be this ef- 
fect? One possibility is that, in a species long selected for a diploid genotype 
(mitochondrial and chloroplast genes excepted), a single unpaired chromo- 
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Figure 9.8 Nuclear protein amounts in root meristem cells of maize with different 
numbers of Bs. Note the striking odd-even effect. Adapted from Jones and Rees (1982), 
based on data in Ayonoadu and Rees (1971). 



some is inherently more disruptive to normal mitotic and meiotic events 
than is a paired set. As we shall see, the odd-even rule applies also to ef- 
fects of B number on chiasmata (for a recent example, see Ghaffari and 
Bidmeshkipoor 2002). If a single B is inherently more disruptive to normal 
diploid cell and genetic operations, this might especially be expected for a 
cell-wide genetic parameter such as number of chiasmata. Odd numbers of 
Bs typically have larger effects so our initial presumption is that these effects 
on the A chromosomes are negative to the As. The odd-even rule by which 
Bs affect the frequency of aberrant meiotic products has been explained by 
the negative effects of unpaired Bs lagging during meiosis, a defect corrected 
when Bs pair, as they often do when in even numbers (Camacho et al. 
2004). 

Negative Effects of Bs More Pronounced under Harsher Conditions 

There is indirect evidence that the phenotypic effects of Bs are usually more 
severe when external conditions are relatively more negative for individuals 
of the species. Two lines of evidence are suggestive. Bs are often found at the 
center of a species' range or under conditions regarded as near-optimal, but 
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are missing from peripheral areas or environments regarded as more chal- 
lenging, and in experimental work, Bs are usually more harmful at higher 
densities (reviewed in Jones and Rees 1982). Regarding the former assertion, 
Myrmeleotettix maculatus is the classic case. Bs are more abundant in British 
populations in warmer, drier habitats, which are considered ideal for the 
species (Barker 1966, Hewitt and John 1967, 1970). Marginal populations 
have few or no Bs. A steep cline of B frequency from the coast to the inland 
appears to correlate best with average summer temperature (Hewitt and 
Brown 1970). Bs also show a steep decreasing cline with altitude in Wales 
(Hewitt and Ruscoe 1971). Together, the evidence suggests that Bs flourish 
where the species flourishes and are absent where it struggles, presumably 
reflecting the increasing phenotypic cost of Bs when external conditions are 
harsher. Note, however, that we are implicitly assuming that drive is not af- 
fected by ecological variables— which may, at least sometimes, be a bad as- 
sumption. Temperature alone can presumably affect cytogenetic processes 
directly, and, indeed, drive in this species appears to be reduced at low tem- 
peratures, so some of the population variation can be explained by variation 
in drive (Shaw and Hewitt 1984). With this caution in mind, we review here 
recent examples of similar associations on the assumption that they usually 
reflect varying phenotypic costs. 

In the fish Astyanax scabripinnis a macro-B chromosome is found in the 
headwaters of numerous Brazilian rivers but not at lower elevations (Neo et 
al. 2000). Because migration is from higher to lower elevations, this distribu- 
tion suggests strong selection against Bs at lower altitudes. The species is de- 
fined as a headwater species whose abundance declines downstream. Preda- 
tors are less common upstream and fish species diversity is lower, but the 
precise ecological variable associated with B presence has not been identi- 
fied. 

In Crepis capillaru Bs are found at mid-altitudes in large populations, de- 
clining both toward the summit and toward the small, isolated lowland 
populations (Parker et al. 1991; Fig. 9.9). B chromosome numbers appear to 
be relatively constant over time. A similar pattern of B chromosome distri- 
bution is found in the plant Ranunculus ficaria (Gill et al. 1972). And in the 
Pacific giant salamander Dicamptodon tenebrosus, Bs range in number from 
to 10 per individual and reach their highest average values in the middle of 
the species' range (Brinkman et al. 2000). 

The density with which individuals are planted in experimental plots af- 
fects B survival in a way that reflects the phenotypic effects of the Bs (Jones 
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Figure 9.9 Proportion of Crepis capillaris in nature with Bs as a function of altitude and 
size of plant population. The percentage of individuals with at least 1 B is plotted as a 
function of altitude. Size of black dots is proportional to size of the local population. 
Note that Bs are found at intermediate altitudes and in larger populations. Adapted 
from Parker etal. (1991). 



and Rees 1982). When these are positive, as in Lolium, increasing densities 
in experimental plantings result in greater survival of B-carrying individu- 
als; or they result in no effects, as in Allium schoenoprasum (Holmes and 
Bougourd 1991), while the reverse is true in rye, a species with negative 
phenotypic effects of Bs. In experimental plantings of rye in nature, individ- 
uals with Bs survive better in less dense plantings and, by the same amount, 
in the preferable of 2 environments (Rees and Ayonoadu 1973). More de- 
tailed experiments confirmed the effect of density over a wide range, pro- 
ducing a strong, positive correlation between mean B frequency and per- 
centage survival (Rees and Hutchinson 1973; Fig. 9.10). Parallel data from 
maple trees in nature show that the frequency of plants with Bs is inversely 
related to the severity of the maple stand die-back (Gervais et al. 1989). In 
pearl millet Bs are advantageous at low experimental densities and disadvan- 
tageous at high (Tayalakshmi and Pantulu 1982). 



Is the Sex of Drive Associated with the Sex of Phenotypic Effect? 

It is interesting to ask whether the sex in which drive occurs is associated 
with the sex in which the phenotypic effect occurs, assuming there are such 
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Figure 9.10 The higher the mortality of rye plants, the lower the frequency of Bs 
among the survivors. Mean frequency of Bs among survivors is plotted against percent- 
age that survived in experimental patches. Adapted from Jones and Rees (1982) based 
on Rees and Hutchinson (1973). 



sex differences. Two views can be argued. First, the sex in which B drive oc- 
curs is the sex whose phenotype selection on Bs will tend to improve (be- 
cause beneficial effects are augmented by drive). This view leads to the ex- 
pectation of sex-antagonistic effects, with negative effects being more often 
registered in the sex not showing drive (see Chap. 2). Second, drive itself is 
likely to disrupt meiosis (or mitosis), especially at odd and higher numbers, 
so the sex showing B drive is the one more likely to show a B-associated 
cost. Most plant species are hermaphrodites, so there is little scope for sex- 
specific selection during development but ample opportunity for sex-antag- 
onistic selection on fertility. When the size or height of a plant affects male 
and female function differently, selection on Bs could favor the plant form 
most conducive to B spread through either pollen or ovules. 

The evidence on phenotypic effects and drive, analyzed by sex, has been 
reviewed (Palestis et al. 2004b) and, so far, shows no clear trends (Table 9.4). 
Overall, drive occurs predominantly in males instead of females (34 vs. 9) 
but so do phenotypic effects (13 vs. 5). There is also significant heterogene- 
ity by group. In the composites, drive occurs overwhelmingly in males and 
negative phenotypic effects only in them, while in grasses drive also occurs 
overwhelmingly in males but negative phenotypic effects slightly more of- 
ten in females. In grasshoppers, drive occurs slightly more often in females 
but negative effects are registered in males only. The striking effect of Bs in 
grasshoppers is a near-universal negative effect on male sperm production 
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Table 9.4 Number of species in each group in which drive is through males or females 
or in which a negative phenotypic effect has been registered in either males 
or females 

Group Male Female 



Composites 






drive 


6 


1 


phenotype (-) 


5 





Grasses 






drive 


24 


2 


phenotype (-) 


4 


5 


Grasshoppers 






drive 


4 


6 


phenotype (-) 


18 






From Palestis et al. (2004b). 



and, therefore, fertility. The problem is that Bs often interfere with normal 
cell division. For example, they lag, impeding normal cell separation, lead- 
ing to the formation of restitution nuclei and a displaced spindle apparatus, 
so large diploid sperm are produced, along with a small anucleated bud 
(Bidau 1986). Also, sperm cells, being very small, may more easily suffer 
negative effects from the increase in nuclear DNA. In this case, the strong 
negative effect in males seems unrelated to the sex in which the B drives. 

It would also be interesting to know whether the mode of drive was asso- 
ciated with some phenotypic costs and not others. For example, it might be 
that drive during meiosis is more likely to produce negative side-effects on 
fertility than is drive during first pollen mitosis (or, the other way around). 
Data on animals are currently too scarce, but it might be possible to com- 
bine data on mode of drive in plants with form of phenotypic cost. 

B Effects on Recombination Among the As 

One of the most striking effects of B chromosomes is their tendency, in 
about a half of all cases, to exert influence on recombination among the 
As, usually increasing chiasmata number (or variance in their number) but 
sometimes decreasing chiasmata number (or variance in their number; see 
Table 9.5 for studies of flowering plants and grasshoppers). There are 3 obvi- 
ous possibilities for explaining the data: the increase in A recombination 
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Table 9.5 Effects of Bs on chiasmata 


in As 




Effect 




No. Plant 
Species 


No. Grasshopper 
Species 


Mean Xta frequency 
Increases 
Decreases 
No effect 
Mixed 




11 

6 

21 

4 


9 

1 

10 

1 


Between-cell variance 








Increases 




8 


5 


Decreases 
No effect 
Between-bivalent variance 




1 
2 




8 


Increases 




5 




Decreases 
No effect 
Mixed 





2 
1 





From B. Palestis (pers. comm.). 



benefits the B genes, it benefits the A genes, or it benefits neither set of 
genes but is an incidental by-product of another character (such as hetero- 
chromatin) that selection for some reason fails to eliminate. Assuming the 
recombination rate of As without a B is their natural optimum, an increase 
associated with Bs suggests either that the Bs benefit from breaking up 
coadapted gene complexes arrayed against them (with the cost of breaking 
up some beneficial complexes serving other phenotypic needs) or that the 
As benefit from increasing their own recombination when Bs are present, 
the better to rid their progeny of the Bs by recombining new coadapted 
complexes arrayed against them (but with the cost of breaking up some ben- 
eficial complexes; Bell and Burt 1990). Bs may also have been selected to in- 
crease their own rates of chiasmata— in order, in 2B individuals, to avoid uni- 
valent loss by pairing up— and this trait increases chiasmata in As (Carlson 
1994). Having Bs in only 1 copy results in especially large A effects, because 
there is no paired B with which to form B chiasmata. 

This last argument does not apply when Bs drive in 2B individuals as 
univalents, because failure to pair will conserve drive. A possible case occurs 
in Myrmeleotettix maculatus, in which Bs pair less often during female meio- 
sis, in which they drive, than during male meiosis, in which they do not 
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(Hewitt 1976). Cases are known in which Bs have a strong effect on their 
own chiasmata rates, as in pearl millet, but have little effect on the As 
(Pantulu and Manga 1975, Sabba Rao and Pantulu 1978). In Crepis capillaris, 
Bs increase chiasmata on both As and Bs (Brown and Jones 1976), while in 
Eyprepocnemis plorans, greater B chiasmata are associated with fewer A, and 
vice versa (Henriques-Gil et al. 1982). 

The simplest incidental by-product theory fails to explain why, if so many 
relationships are possible between Bs and A recombination, they have not 
been eliminated in favor of no effect at all. Indeed, there is substantial varia- 
tion within species in B effects on A chiasmata. In rye, Bs are associated with 
higher chiasmata frequency in some cultivars (Zecevic and Paunovic 1969) 
and not others (Jones and Rees 1967). Similar within-species variation in B 
effects on A chiasmata also occurs in several grasshoppers (John and Hewitt 
1965, John and Freeman 1975, Westerman and Dempsey 1977, Camacho et 
al. 1980). If no genetic entity benefits from these effects and all are harmed 
(both Bs and As), why are they not quickly eliminated? 

In Carlson's theory, A effects are a consequence of B attempts to affect 
their own tendency to pair (and form chiasma). When selected to pair, Bs 
encourage recombination, and this effect spills over on to the As. Bs and As 
are in conflict over B recombination, leading to a variety of possible out- 
comes. For example, As could be selected to induce Bs to recombine (to 
prevent drive), with their own increase being an unselected side effect. 

The two adaptive explanations also easily accommodate the available 
facts. The tendency for A recombination to increase with B number is 
caused, in one theory, by their increasing power to disrupt the As and, in 
the other, from an increasingly desperate defensive response by the As as B 
infestation mounts! In one view, the Bs win most of the time (when recom- 
bination increases); in the other, the Bs win only a minority of the time 
(when recombination decreases). In either view, smaller effects with even 
numbers of Bs are consistent with a general tendency for negative pheno- 
typic consequences to be less severe with even number of Bs. Because drive 
is also weaker at even numbers, relatively more offspring of odd-numbered 
B individuals will contain Bs, requiring a relatively larger recombinational 
response by the As. It is noteworthy that the odd-even rule may even work 
within an individual. In 3 individuals of the grasshopper Locusta migratoria, 
which had 2Bs in some testicular cells and IB in others, the mean chiasma 
frequencies were higher in the IB cells (Cabrero et al. 1984). 

There is one fact that is not congenial to the theory that Bs induce an 
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Figure 9.11 Mean chiasmata frequency as a function of different B categories in a grass- 
hopper Eyprepocnemis plorans. The stronger the drive of the B, the greater are the 
chiasmata among the A chromosomes. Adapted from Camacho (2005). 



adaptive increase by the A chromosomes, the better to combat the Bs. Why 
are positive effects on variance in A chiasmata at least as strong as the effects 
on frequency of chiasmata (see Table 9.5)? If the changes in variance have 
no effect on average rates of recombination (by no means certain), where is 
the benefit in this response? On the other hand, this fact is consistent with 
the incidental by-product view, including Carlson's theory. 

Recently, Camacho et al. (2002) have shown an association within a spe- 
cies between degree of B drive, among 3 types, and degree of effect on A re- 
combination (Fig. 9.11). Although cases are few, the pattern is certainly 
striking: the more drive a B shows in Eyprepocnemis plorans, the more it is as- 
sociated with high rates of recombination in the As. And the lowest rates of 
A recombination are associated with no Bs at all. If this trend indicates that 
A recombination is adaptively adjusted to the presence of harmful Bs, it 
raises the question of how those Bs are recognized. 

Pairing of A Chromosomes in Hybrids 

Finally, B chromosomes have a very curious effect on the pairing behav- 
ior of A chromosomes in interspecific hybrids. In various interspecific hy- 
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brids— for example, between wheat and rye or species of Lolium— ?> chromo- 
somes cause homologous (within species) chromosomes to form bivalents 
at metaphase I, instead of homologous and homeologous (interspecific) 
ones forming quadrivalents. In this sense, Bs are said to diploidize the ge- 
nome. The benefit to the plant is that offspring are guaranteed to inherit 
similar numbers of genes from each species. In 2 species, the B seems to 
confer effects that are also produced by genes on the As, for example, the/?/* 
locus on wheat and the pairing genes located on As of Lolium (Jones 1995). 

Ultrastructural details are available for Lolium (Jenkins 1986). In any case, 
the effect of Bs on the pairing behavior of the As challenges our understand- 
ing, because it is unclear "why the Bs of Lolium should have evolved proper- 
ties which they are unlikely to express in nature" (Jones 1995). 



Neutral and Beneficial Bs 

Beneficial B Chromosomes 

In a minority of species with Bs, the Bs are not harmful to the creatures they 
inhabit, nor are they maintained by drive. They either show no transmission 
ratio distortion or they show modest drag. They often have the usual nega- 
tive effects on phenotypic characters (especially with a high B number) but 
typically show strong positive effects on early survival, often under extreme 
conditions (e.g., of competition or drought). It is not clear whether bene- 
ficial Bs evolved from Bs that once showed drive or, indeed, whether they 
have now given up entirely on drive. As always, evidence is less detailed 
than we would wish. Likely examples of beneficial Bs can be found in plants 
(Allium, Lolium) while an apparently neutral B (both in transmission and 
net phenotypic effects) is found in most populations of the grasshopper 
Eyprepocnemis. 

Allium schoenoprasum. Perhaps the best evidence of a beneficial B comes 
from the chive (reviewed in Bougourd and Jones 1997). A small section of 
its habitat in the United Kingdom shows B chromosomes at surprisingly 
high frequencies: 55% of seeds collected in July had Bs while 64% of seed- 
lings in September had B chromosomes. This increase occurs during a time 
of about 97% mortality as seedlings first become established (Holmes and 
Bougourd 1989). Careful experiments show that the first 2 weeks are critical 
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and, while initial density increases mortality, this is not selective regarding 
Bs (Holmes and Bougourd 1991). Watering conditions are important to 
the survival of Bs. Under "drought," Bs enjoy the same survival benefit as 
in nature (roughly 12%), while under normal and excessive watering Bs 
are neutral, or nearly so, in their effects. Experiments also show that Bs 
are associated with rapid germination under all conditions but that this 
characteristic confers a large advantage only under "drought" conditions 
(Plowman and Bougourd 1994). Seeds were characterized for a series of 
traits that affected germination rate (such as linear dimensions and shape), 
but none of these was associated with B number. Allium porrum plants with 
Bs germinate on average a day earlier than those without (Gray and Thomas 
1985). It is important to emphasize that, in other phenotypic characters, Bs 
have negative effects, especially with high B number, for example, on plant 
height, number of seeds/flower, and seed weight (Bougourd and Parker 
1979b). 

Controlled crosses show that the B drags through both pollen and ovules, 
with a mean transmission of about 40%, and this transmission rate is unaf- 
fected by B number (including odd-even; Bougourd and Plowman 1996). 
But studies of transmission rates in nature have revealed a remarkable fact: 
there are significant differences in transmission between nearby riverine 
populations, with one showing the usual drag at all B numbers and the 
other showing drive at low numbers and neutrality or drag at high numbers 
(Fig. 9.12). The B is also highly polymorphic in this species, with at least 12 
types. A. schoenoprasum is self-compatible and reproduces both sexually via 
seeds and asexually via bulbs from a short rhizome (Stevens and Bougourd 
1988). Inbreeding probably increases B frequency, as does asexual reproduc- 
tion (by deleting meiosis, with its drag). Selling is associated with large in- 
breeding depression, and degree of outcrossing has been tentatively esti- 
mated at about 80%. 

Lolium perenne. It is not known whether Bs in Lolium perenne drive, but 
several studies have shown that the more densely plants with B chromo- 
somes are planted, the better they survive. Because overall survival is re- 
duced, the B is giving a benefit under adverse conditions (Hutchinson 1975, 
Teoh et al. 1976). This is the reverse of the pattern found in rye (Hutchinson 
1975; see Fig. 9.10), a species well known for its drive in both sexes (bal- 
anced by negative phenotypic effects). Lolium is also unusual in showing re- 
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Figure 9.12 Transmission of B chromosomes in 2 natural populations of chives as a 
function of B number. The Mendelian or 50:50 line is given. Note that in population 
(a) from River Wye, the Bs always show drag (points below the line) while at (b) River 
Infon, Bs appear to drive at low numbers and then drag. Adapted from Bougourd and 
Plowman (1996). 



duced chiasmata frequency with increasing number of Bs (Cameron and 
Rees 1967), which is opposite of the usual pattern. 

Nectria haematococca. Mating population VI of the fungus N. haemato- 
cocca is capable of attacking at least 9 species of plants and 1 animal, in addi- 
tion to being able to live as a saprophyte (VanEtten et al. 1994). Key to its at- 
tack on plant species is the ability to detoxify (e.g., by demethylating) host 
compounds specifically designed to deter it (e.g., phytoalexin pisatin in the 
pea). Pisatin demethylating ability (Pda) genes are located on chromosomes 
that are sometimes lost during meiosis, with the resulting isolates being via- 
ble so long as they do not need to detoxify host compounds. In that sense, 
these chromosomes are dispensable and hence analogous to B chromo- 
somes (Miao et al. 1991a, 1991b, VanEtten et al. 1994, Kim et al. 1995, Han 
et al. 2001, Funnell et al. 2002). Although Nectria is haploid, individuals 
may get 2 Bs via the usual route of nondisjunction but no drive is known 
(Miao et al. 1991a). Nectria is briefly diploid after sexual union and all prod- 
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ucts of meiosis are functional. A dispensable 1Mb chromosome containing 
at least 3 genes also controls host-specific pathogenicity in the fungal plant 
pathogen Alternaria altemata (Hatta et al. 2002). 

Evolutionary logic. Beneficial genes located on B chromosomes have spe- 
cial properties compared to beneficial genes on the regular set and to nega- 
tive genes on Bs. The most important of these are the greater variation in 
copy number of Bs, their linkage relationships, and interaction with degree 
of inbreeding. 

• Variation in copy number. An important difference between A and B 
chromosomes is that the latter vary in copy number, giving 1, 2, 3, and 
so on doses of any active gene, while diploidy in the As gives only 1 or 
2. This difference could cause problems in dosage compensation. It is 
well known that negative phenotypic traits are more pronounced as the 
number of Bs increases, but this could easily be due to increases in ge- 
nome size or in disruption of normal mitosis and meiosis. In actual fact, 
the extra copies of the beneficial genes are likely to cause negative net 
effects at high numbers, if we can judge by the general effect of B num- 
bers in all other species. It almost seems perverse that when Bs are bene- 
ficial they drag, but this, of course, is implied if B numbers stay rela- 
tively constant over time. We could easily imagine that, for everyone 
concerned, it would be better to combine benefit with drive. But Bs that 
are beneficial at low numbers and harmful at high may have a better net 
effect on the phenotype if they drag. The effect depends on asymme- 
tries in B phenotypic effect by B number: if increases above the mean 
are more costly than the benefits of decreases below the mean, drag will 
lower the Bs' chances of reaching the high numbers at which their 
phenotypic effects are disproportionately negative. This theory predicts 
that the degree of drag increases with the B number, but the opposite 
appears to be true (see Table 9.2). 

• Interaction with inbreeding. While inbreeding selects against selfish B 
propagation, inbreeding has nearly the opposite effect on beneficial Bs. 
Inbreeding increases benefits in progeny while decreasing drag; so when 
these effects are large, inbreeding increases B frequency. Under more 
nearly neutral effects, the relationship is more complex but still shows 
positive effects over some of the range. Understanding how changes in 
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breeding system affect whether Bs are beneficial or negative would be 
very valuable. It would also be useful to know what such selection im- 
plies regarding their structure. 
• Linkage. B genes give up linkage with A genes for linkage with other B 
genes. But there is much less recombination on Bs, because in most spe- 
cies the majority of individuals have only 1 B (and hence no recombina- 
tion), while those with 2 may show chiasmata, but less so than on the 
As. Bs evolve, therefore, more like asexual elements in a coevolving 
world of sexual elements (the A chromosomes). This is almost certainly 
a disadvantage. In any case, there are very few genes on the Bs. 

B Chromosomes in Eyprepocnemis plorans: 
A Case of Continuous Neutralization? 

Probably the best studied B chromosome system in any animal is the wide- 
spread B system of the grasshopper E. plorans. It is suitably complex and, in 
some ways, unusual. First, it has a very large number of B chromosomes, 
more than 50 at last count (Camacho et al. 2003), some of which arise in the 
lab at appreciable frequencies (e.g., 0.05% and 0.21%), often from each 
other. Novel B forms also occur regularly in natural populations (Lopez- 
Leon et al. 1993). These Bs are clearly derived from each other and some- 
times compete with each other for transmission. Usually 1 B predominates 
and several additional Bs are found in a population. Rate of infection with 
at least 1 B is often higher than 30% and sometimes reaches 70% (Camacho 
et al. 1980). Second, early analyses uncovered no evidence of drive. In par- 
ticular, the 3 most frequent Bs— B b B 2 , and B 3 (presumed also to be the old- 
est—showed no drive (Lopez-Leon et al. 1992b), while infrequent variants 
sometimes showed drag (Lopez-Leon et al. 1993). Associated with this was 
an absence of any phenotypic effects, at least at low B number, on such 
traits as body size and size-based somatic condition (Martin-Alganza et al. 
1997) or on several fitness components, such as mating frequency (Lopez- 
Leon et al. 1992c) and clutch size, egg fertility, and embryo-to-adult viability 
(Camacho et al. 1997). 

A growing body of more recent evidence suggests a cyclical view of B evo- 
lution, in which Bs first appear with drive (or soon develop it); are neutral- 
ized, along with any phenotypic effects; are reinvaded by new driving Bs, 
with negative phenotypic effects, which are once again neutralized; and so 
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Figure 9.13 Egg fertility as a function of B chromosome number for 4 different Bs in E. 
plorans. Egg fertility is the proportion of eggs containing an embryo. Note that B num- 
ber affects egg fertility only for the one B still showing drive, B24 Locality of B is also 
given. Adapted from Camacho et al (2003). 



on. B 2 shows drive when outbred to populations lacking it, and B 2 4 regularly 
drives in its own population (Zurita et al. 1998). In turn, only B 2 4 shows any 
phenotypic cost (Camacho et al. 2003; Fig. 9.13), while increasing effects on 
A recombination are associated with an increasing degree of drive (see Fig. 
9.11). In one Spanish population, the mean number of B24S per individual 
increased from 0.34 in 1984 to 0.98 in 1992 to 1.53 in 1994, completely re- 
placing B 2 (Zurita et al. 1998). In turn, drive of B 24 has decreased from 0.7 in 
1992 to 0.52 in 1998 (Perfectti et al. 2004). B 2 drives in females, but this 
drive is prevented when females mate with males from the same population 
(Herrera et al. 1996). This in itself is a most unusual effect because it is not 
the sperm of the male that alters drive in the egg (which is still undergoing 
meiosis at the time of fertilization) but his accessory chemicals. 

Copulations last about 24 hours, permitting large samples of those copu- 
lating in nature to be compared with noncopulators (Lopez-Leon et al. 
1992c). Such comparisons reveal no effect of B constitution (0, 1, 2+) on 
mating frequencies of either males or females, nor is there any evidence of 
assortative mating (and, hence, none of inbreeding). This still permits some 
sexual selection in double matings, through sperm competition, with Bs ex- 
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pected, if anything, to increase numbers of aberrant sperm and hence de- 
crease competitive ability; but E. plorans, in fact, shows strong second male 
sperm precedence (—90%), apparently without regard to B constitution 
(Lopez-Leon et al. 1993). In the lab, with cages of 10 males and 15 females, 
Bs lower male mating success and postpone the age of first mating in both 
sexes (Martin et al. 1996). 

As in plants, there are probably many species of animals with Bs that do 
not drive or are nearly neutral. In the arachnid harvestman Metagagrella 
tenuipes, there is no evidence of a B accumulation mechanism, nor sex dif- 
ferences in presence of Bs, nor effect on survival from juvenile to adult 
(Gorlov and Tsurusaki 2000a, 2000b). At present, we have no idea how 
many such species in which Bs do not appear to drive have, in fact, traveled 
the route that the Bs in E. plorans have taken. Of course, most species show 
Bs with little or no variation, in contrast to the striking polymorphism in E. 
plorans. 

Structure and Content 

Size 

Jones (1995) has recently reviewed evidence on the size distribution of Bs in 
plants. In no plant species is the B chromosome larger than the largest A 
and in only a few species is the B roughly the size of the largest As. In fully 
40% of the species, the B is one-fourth to three-fourths the size of the aver- 
age A. In 26% of cases, the B is smaller than the smallest A (but not tiny) 
and in 30% it is a tiny microchromosome (Fig. 9.14). In short, Bs are gener- 
ally small and in more than one-half of all cases are smaller than the small- 
est A. In more than half the latter cases, they are tiny. The smallest in any 
plant species is found in the fern Ophioglossum (Goswami and Khandelwal 
1980); and in animals, the smallest B is in 2 species of the fly Megaselia, in 
which the B is little more than a centromere (Wolf et al. 1991, 1996). Unfor- 
tunately, there is no phylogenetic evidence that would allow us to order the 
size of Bs. Are Bs initially larger and selected to become smaller as genes are 
shut down that are redundant on the As (Green 1990)? Or do Bs often start 
very tiny and sometimes grow in size, as when they add repeated sequences 
useful in drive? In animals, the B is sometimes as large as the largest A and, 
in one case, larger: the cyprinid fish Alburnus alburnus has a B that is infested 
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Figure 9.14 Size of B chromosomes in plant species. Percentage of plant species that 
have Bs for 4 categories of B size: tiny, dot-chromosomes (micro); larger than micro but 
smaller than smallest A; somewhat smaller than the average size of As (one-third to 
three-fourths of A size); larger than the average size of the As. Data from Jones (1995). 



with retrotransposon-derived repetitive DNA not found on the As (Ziegler 
et al. 2003). As pointed out by Hewitt (1979) and reaffirmed since then 
(Camacho 2005), large Bs are more likely to be mitotically stable, while 
small ones may be unstable and, thus, vary in number within an individual. 
This variation, when it occurs in germinal tissue, may make drive more 
likely, while in somatic tissue it could make B elimination from selected tis- 
sues, for example, root cells, more likely. 

Polymorphism 

Jones's database reveals at least 65 species with 2 or more types of B chromo- 
some. Many show only 2 forms, such as the large and the microsized one 
in Brachycome dichromosomatica (Smith-White and Carter 1970). Sometimes 
there are 3 and occasionally there are many more. The origin of many of 
these polymorphisms can be explained by reference to centromeric mis- 
division, in which a single B at meiosis may give rise to 2 unequally sized 
acrocentrics, and then their isochromosomes, and then further derivates by 
deletions. Jones cites rye as an example; it has a single widely distributed B 
chromosome type that sometimes generates these derivative forms but none 
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of them seems selected over the dominant form (Jones and Puertas 1993). 
Chives (Allium schoenoprasum) provides an example of the opposite, namely 
high structural polymorphism of Bs. In Wales 7 different forms combine to 
give as many as 29 different B karyotypes (Bougourd and Parker 1979a, 
1979b). It may be noteworthy that the B appears to be beneficial in A. 
schoenoprasum, and in the equally polymorphic grasshopper Eyprepocnemis 
plorans the B is often neutral. Polymorphism may also result when drive at 
female meiosis is strong for univalents, but weak or absent in 2B individuals 
due to meiotic pairing. Then as 1 B form increases in frequency, thereby in- 
creasing the number of 2B individuals, new mutants are favored that do not 
pair with the old B but instead continue to act as univalents, with drive. 
This is a form of frequency-dependent selection, with rare variants favored 
because they will rarely pair with themselves, and common ones disfavored 
for the opposite reason. 

Heterochromatin 

Bs are often assumed to be mostly heterochromatic, but this is truer of ani- 
mals than plants. Perhaps only one-half of all plant Bs are heterochromatic 
(Jones 1975, 1995). In plants, Bs may often be euchromatic or contain major 
euchromatic segments, apparently about as often as A chromosomes. There 
is even one species, Scilla vedenskyi, in which all 5 autosomes show hetero- 
chromatin but the B does not (Greihuber and Speta 1976). Heterochroma- 
tin is presumably associated with repetitive DNA. C-banding is supposed to 
reveal constitutive heterochromatin but "in terms of structure and organiza- 
tion of Bs in plants there seems to be no specific useful information to be 
had so far from C-banding studies" (Jones 1995). 

Genes 

The absence of genes on B chromosomes is very striking. In such an inten- 
sively studied species as maize, the complete absence of B genes with a 
growing list of A genes was clear more than 20 years ago (Jones and Rees 
1982). In Jones' (1995) review, the only important phenotypic genes listed 
are the virulence factors of fungal B chromosomes. The other host charac- 
ters are leaf-striping (in maize), male fertility, achene color, crown rust resis- 
tance, and a regulatory effect on an A esterase gene, but for some of these 
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the evidence is weak. It is impressive how short the list is when compared 
with lists of A genes. 

One possible exception is rRNA genes, though the data are not yet con- 
clusive. On the one hand, Jones (1995) lists 4 plant Bs with rRNA genes and 
20 with a nucleolus-organizing region (NOR), which typically contain rRNA 
sequences. Similar findings come from animals. Green (1990) lists 9 species 
of animals and Camacho (2005) provides additional references on NORs 
located on Bs. For example, Bs in 2 species of Cnephia blackflies have NORs 
(Procunier 1975). And inactive ribosomal cistrons are spread throughout the 
B of Rattus rattus (Stitou et al. 2000). The B originated from one of the 
smaller NOR-carrying A chromosomes, after which there were expansions 
of repetitive and ribosomal DNA. These are methylated, heterochromatized, 
and silenced. On the other hand, the cytologically detectable chromosomal 
constriction that is usually associated with active NORs is underrepresented 
on Bs compared to random expectations (Jones and Rees 1982). 

Why might rDNA be so common on Bs? Camacho et al. (2000) suggest 
that the extra rDNA may increase transcription rates and, thereby, growth; 
but if this were beneficial, why do they so quickly become inactive? It is per- 
haps noteworthy that copy number of rDNA on the As increases strongly 
with increasing genome size, even though the latter is not associated with an 
increase in protein-coding genes (Prokopowich et al. 2003). Because B chro- 
mosomes are more frequent in plant species with larger genomes, this effect 
may contribute to rDNA copy number on Bs. Alternatively, the recent dis- 
covery in yeast that rDNA repeats are among the last regions of the genome 
to segregate at mitosis, and that special enzymatic functions are needed for 
their segregation (DAmours et al. 2004, Sullivan et al. 2004), suggests that 
rDNA repeats on Bs may sometimes be involved in nondisjunction and 
drive. 

Jones (1995) has called attention to a key fact. If Bs really evolved from As 
by degenerating according to Muller's ratchet (Green 1990), we should see 
many "young" Bs in the process of degeneracy, but this does not seem to be 
the case. Almost all Bs seem to be stripped of genes. We believe this may be 
because Bs often evolve from the centromeres outward, beginning with very 
few genes and having such genes rapidly invaded by centromeric and 
pericentromeric repeats, which give an advantage in drive. Thus, even B 
drive itself may not be controlled by protein-coding genes as much as by re- 
petitive DNA. 
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Tandem Repeats 

Modern sequencing techniques applied to B chromosomes have uncovered 
a rich array of tandem repeats while identifying almost no functional genes. 
The characterization of these repeats has, in turn, given us our first unam- 
biguous evidence regarding genetic homology to sequences elsewhere in 
the genome. B chromosomes are usually composed of repeated DNA se- 
quences that vary in copy number and repeat type in very interesting pat- 
terns (Camacho et al. 2000). In some species (e.g., Drosophila subsilvestris) re- 
peat elements appear to characterize the entire B (Gutknecht et al. 1995). As 
already indicated, half of all Bs in plants are heterochromatic (Jones 1975, 
1995), a trait associated with blocks of repetitive DNA (Bigot et al. 1990, 
Charlesworth et al. 1994). At the same time, Bs that are euchromatic may 
harbor large blocks of tandem repeats, as in the Australian daisy Brachycome 
dichromosomatica (Leach et al. 1995). These are located near the centromere 
and consist either entirely of blocks of repeated DNA (175bp, as is typical 
of centromeric repeats) or interspersed between retrotransposons and frag- 
ments of chloroplast DNA (Franks et al. 1996). (In addition, there is no 
evidence of other B-specific repeats.) Because tandem arrays of repeated 
sequences may be involved in chromosome separation, it is tempting to 
suggest that the centromeric B repeat has evolved to increase nondisjunc- 
tion and, thereby, subsequent drive during pollen meiosis (Leach et al. 
1995). 

Detailed study of the genetic structure of a micro B chromosome in 
B. dichromosomatica reveals a complex structure that immediately suggests 
a hybrid origin for the B (Houben et al. 2001). Because the genomic organi- 
zation of the B is nothing like that of any of the As, it could not have origi- 
nated by simple excision, nor did it contribute to the polymorphic het- 
erochromatic segments also found in the species (Houben et al. 2001). 
Instead, the B appears to be a heteromorphic assemblage of 2 different re- 
peat elements, along with additional DNA. The chief repeat is not orga- 
nized as an extended and uninterrupted tandem array but rather as clusters 
of repeats, interspersed with other repeats. These are atypical of most repeats 
in animals and plants, in which long, uninterrupted arrays, sometimes many 
kilobases in length, are commonly observed (references in Zinic et al. 2000). 
Parallel evidence from rye again suggests that the B chromosome is a com- 
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pi ex assemblage of 2 repeat families that, in turn, have been generated from 
fragments of a variety of sequence elements (Langdon et al. 2000). 

Evidence that B-specific repetitive DNA is often centromeric or pericen- 
tromeric comes from various sources. In Crepis capillaris a repeat family 
found throughout As and Bs is most concentrated in B pericentromeric 
heterochromatin (Jamilena et al. 1994). In the maize B chromosome, many 
sequences are highly repetitive (and found on A chromosomes at lower 
copy number but not near their centromeres; Alfenito and Birchler 1993). A 
B chromosome-specific sequence contains a repeat unit conserved in plant 
A chromosome telomeres but is localized to both telomeric and centro- 
meric regions of the B (Qi et al. 2002). One B-specific repetitive element 
bears genetic similarity to a retrotransposon (Stark et al. 1996). In the fish 
Prochilodus lineatus, Bs are largely characterized by a pericentromeric repeat 
found in lower copy number on almost half of the A chromosomes (de Je- 
sus et al. 2003). In the field mouse Apodemus peninsulae, all B chromosomes 
contain a large amount of repeated DNA sequences; one predominates on 
the Bs and is found in lower density on the As (Karamysheva et al. 2002). 
This is the general pattern: the apparent invasion of the Bs by some A re- 
peats, particularly centromeric and pericentromeric, which then are greatly 
amplified on the Bs. 

The importance of repeat elements to the constitution of B chromo- 
somes suggests a novel perspective on B evolution. The classical view is that 
B chromosomes may begin large, the size of sex chromosomes, but they 
then diminish in size to limit phenotypic costs, especially those resulting 
from triploid expression. Thus, genes decay and are silenced, the noncod- 
ing DNA is invaded by repetitive elements, phenotypic effects are mini- 
mized, and B DNA is lost (Green 1990). An alternative view is that B chro- 
mosomes increase from an initial small size— sometimes not much larger 
than a centromere and 2 telomeres— through the successive addition of re- 
petitive sequences donated from the A chromosomes or through unequal 
crossing-over among repeats already present. Especially likely to be useful to 
the B are centromeric repeats, which may give an advantage in meiotic 
drive, and pericentromeric repeats, which may affect rates of nondisjunc- 
tion (Henikoff and Malik 2002). The latter is a key factor in many forms 
of B drive. Repetitive elements are a major determinant of variation in ge- 
nome size across species, so species with large genomes have a dispropor- 
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donate amount of repetitive DNA that can be contributed to aid B develop- 
ment. The smallest animal Bs are found in 2 species of the humpbacked fly 
Megaselia, and they appear to be little more than centromeres, completely 
lacking arms (Wolf et al. 1991, 1996). It is as easy to imagine that they began 
this way as that they decayed into their present state. Centromere-sized Bs 
could result from Robertsonian fusions that also generate small centromeric 
fragments (also containing telomeres). 

Where do the B chromosome tandem repeats originate? There is now reli- 
able evidence for several species. The evidence from B. dichromosomatica 
forms an interesting pattern. The sequence is found on at least 1 A chromo- 
some of the species at low copy number (Leach et al. 1995). Multiple copies 
are found in 4 related species not known to harbor B chromosomes. Thus, it 
seems likely that these repeats originated on A chromosomes, from which 
they colonized the B and then greatly expanded in copy number. Whether 
the repeat came from within the species or outside is not known. Low copy 
number on an A could also be the result of a high copy number repeat on a 
B making frequent contributions to the A. 

The Origin of Bs 

We have not yet identified the source of Bs in any B-containing species. Nor 
do we understand in general how they originate. By logic they must come 
from the A chromosomes or from outside the species. There is evidence for 
both. The key prerequisite is a centromere because acentric fragments are 
rapidly lost in both meiosis and mitosis. Of course, telomeres are also neces- 
sary but these could, in principle, evolve after a centromeric fragment ap- 
peared, as long as the centromere provided stable inheritance or drive. 
Centromeres do arise de novo in humans (Amor and Choo 2002), but how 
important this may be in B formation is completely unknown. Centromeric 
fragments can arise by Robertsonian fusions of 2 acrocentric chromosomes, 
and Bs in Paspalum stoloniferum (Avdulov and Titova 1933) and Haplopappus 
gracilis (Jackson 1960) are possible cases. Although this mechanism has the 
twin feature of generating a centromere and very little else, we have no idea 
how important it may have been in generating B chromosomes. (As we will 
see, Bs in mammals are associated with fewer metacentric chromosomes, 
not more.) 

Interspecific hybridization is also thought to generate B chromosomes 
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easily because new chromosomes can be introduced that fail to pair with 
any of the other chromosomes yet regularly replicate themselves during mi- 
tosis and meiosis (Sapre and Deshpande 1987). Naturally occurring hybrids 
between Coix gigantea (N = 20) and C. aquatica (C = 10) and their back- 
crosses generate N = 11 individuals, some of whom have 10 aquatica chro- 
mosomes and 1 small gigantea, while others have 9 aquatica and 2 small 
gigantea. In either case, the gigantea chromosomes may take on an indepen- 
dent existence within the aquatica genome, pairing with none of the other 
chromosomes. If it is nonhomologous, it remains as a univalent, does not 
interfere with meiosis, and carries out its own division and distribution in- 
dependently, but erratically, like a B chromosome. Note that failure to pair 
with the As is of critical importance to the neo-B because pairing interferes 
with meiosis, resulting in a variable number of laggards and the production 
of abnormal and probably nonfunctional gametes. Thus, in any scheme for 
the evolution of early B chromosomes, failure to pair with As should evolve 
at once (while pairing may be favored between Bs to avoid univalent mei- 
otic loss). 

There are several other ways in which interspecific movement may be 
congenial to Bs. They may enter a new genome already possessing drive and 
without any coadapted A genes opposing their spread. Thus, like other driv- 
ing elements, they should easily pass species borders. In addition, in some 
cases they can even bypass the initial block of lowered hybrid viability. For 
example, the PSR chromosome in Nasonia enters via a male and converts a 
diploid female into a haploid male by destroying the paternal genome; it 
thus destroys the half of the genome that might cause hybrid inviability 
(Werren and Stouthamer 2003). A molecular phylogeny of the retrotrans- 
poson NATE shows that PSR is, indeed, a recent transfer into Nasonia from 
a species of Trichomalopsis (McAllister and Werren 1997). Finally, Bs that are 
advantageous, such as those in Nectria that confer resistance to a pea anti- 
fungal, may confer an immediate advantage when introduced interspecifi- 
cally (Camacho 2005). 

Dhar et al. (2002) have recently described in detail how a centric fragment 
originated in Plantago lagopus and within a few generations acquired many 
of the features of a B chromosome. It arose from a spontaneous trisomic for 
chromosome 2 and has lost almost all the coding region of that chromo- 
some, but it is massively amplified for 5S rDNA. Indeed, it consists almost 
entirely of 5S rDNA repeats. 5S rDNA is also known for amplification on A 



367 



GENES IN CONFLICT 



chromosomes: in flax it accounts for 3-6% of the total genome (copy num- 
ber varying by strain from 50,000 to 115,000 copies; Schneeberger and 
Cullis 1992, Goldsbrough et al. 1981). In the case of the neo-B in P. lagopus, 
the 5S rDNA sequences are not expressed, though there is a functioning 
NOR at each end of the chromosome. The neo-B is an isochromosome (i.e., 
has 2 identical arms), formed by misdivision of the centromere sometime 
after the rDNA amplification. Although the As are mostly euchromatic, the 
neo-B is completely heterochromatic. It also has telomeres. In fewer than 10 
generations this neo-B acquired many typical B characters. 

Another origin of a B chromosome in the lab occurred interspecifically. A 
centromeric fragment appeared after several generations of introgressing 
a Nasonia giraulti region into an N. vitripennis background (Perfectti and 
Werren 2001). The centromeric fragment steadily improved its inheritance 
through the female (and showed a decrease in mitotic instability) while still 
showing drag. Inheritance was nearly perfect through males. 

The fact that different B variants within a species are closely related sug- 
gests that the rate of appearance of successful novel elements is small, com- 
pared to the rate of diversification of the existing B (Cabrero et al. 1999, 
Houben et al. 1999). Sometimes Bs appear to endure longer than speciation 
events. They also appear to cross species borders, as suggested by the simi- 
larity between Bs in closely related species— for example, in Rhamdia fish 
(Fenocchio et al. 2000)— or the fact that they pair in hybrids, as in Secale 
cereale and S. segetale (Niwa and Sakamoto 1995). Similar evidence of com- 
mon origin in closely related species can be found in rodents (reviewed 
in Camacho 2005). Likewise, a reanalysis of grasshopper data supplied by 
Hewitt (1979) shows homogeneity of B characters (e.g. size, degree of poly- 
morphism) in 17 genera and heterogeneity in only 4, a significant effect that 
suggests common origin but may also reflect common forces acting on re- 
lated species (Camacho 2005). 

The frequency with which B chromosomes originate and the length of 
time that they persist within host lineages together determine the overall 
frequency of Bs within a host clade. This frequency appears to vary taxo- 
nomically. In a dataset of 23,652 plant species that have had some sort of 
karyotypic study, of which 979 had Bs (4%), heterogeneity in the frequency 
of Bs was found at all ranks above the species level (Levin et al. 2005). About 
8% of monocots have Bs versus 3% for eudicots; and they are mostly in 
nonmonocot basal angiosperms. Significant heterogeneity in B frequency 
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occurs among related orders, families within orders, and major taxa within 
families. There are many B chromosomes hotspots, including Liliales and 
Commelinales at the order level. 



A Factors Associated with B Presence 

Genome Size 

In a review of factors associated with variation in genome size, we happened 
to notice that, whenever genome size increased, Bs were more frequent 
(plants vs. animals, monocots vs. dicots, Orthoptera vs. Diptera). With no 
particular theoretical bias, we performed a detailed test of this observation 
across 226 species of British flowering plants for which we could also get 
data on possibly related variables, such as breeding system, chromosome 
number, and ploidy level (Palestis et al. 2004c, Trivers et al. 2004). Most crit- 
ically, we made an effort to measure intensity of study and to correct our 
data with this measure. In the process, we discovered that B chromosomes 
are much more likely in species with large genomes and in species with rela- 
tively few chromosomes. Why this should be true is unclear. 

Correcting for intensity of study. B chromosomes are typically small and 
absent from most individuals. They easily invite nondetection. To correct 
for possible biases thereby introduced, we need a measure of study effort. 
The most direct measure would be to tabulate number of karyotypic studies 
per species, because these alone will lead to B chromosomes being identi- 
fied. For flowering plants this would be a herculean task. Darlington and 
Wylie (1956) list only "the most recent references" and these come to more 
than 2400. Recent search engines do not access the literature efficiently 
prior to 1980, leaving a long period of time that would need to be searched 
by hand. We have adopted an intermediate posture. We assume that species 
are relatively well studied genetically or poorly studied in such a way that 
the number of studies of genome size, karyotypes, isozymes, and so on are 
positively correlated per species. To test this assumption, we measured the 
number of karyotypic studies and studies of genome size for a subsample of 
25 species and found they were strongly positively correlated (Trivers et al. 
2004). The number of studies of genome size can be measured easily and 
precisely. Species with larger genomes turn out to be studied more inten- 
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sively and study effort is positively correlated with the presence of B chro- 
mosomes, but this is not true when the data are tested by independent taxo- 
nomic contrasts and the genome size of species with Bs varies very little 
with intensity of study When a logistic regression analysis is applied, study 
effort drops out as a significant variable affecting the interaction (Table 9.6). 
Indeed, major correlations between B chromosome frequency and genome 
size, as well as chromosome number, are strengthened when study effort is 
corrected for. 

Genome size and presence of B chromosomes. B chromosomes are 
much more likely to be found in large-genomed plants, the average differ- 
ence between genome size with and without Bs being 60%. This is true 
when the data are corrected for ploidy and is true in an independent taxo- 
nomic contrast. B chromosomes are completely absent from the species 
with the smallest genomes. But the correlation does not hold across all 
flowering plants. Although monocots as a group have larger genomes and 
more species with B chromosomes than do dicots, within monocots (and 
also grasses) there is no relationship between genome size and presence 
of Bs, while relationships are significant within dicots (and Compositae). 
(Both monocots and dicots have a class of species with small genomes but 
only monocots also have a class with large ones.) 

The meaning of these results is obscure. On the one hand, they suggest 
a general, positive relationship between genome size and presence of Bs. 
Where selection is, in general, reduced against selfish elements, species may 
harbor both B chromosomes and more A chromosome DNA, due to the 
spread of such selfish elements as retrotransposons. Indeed, outbreeding is 
associated with both the presence of Bs and larger genomes (though, in the 
latter case, not by independent taxonomic contrasts); but there is a strong 
positive association (p = 0.002) after correcting for breeding system and we 
do not know whether other factors may explain this association. 

An alternative effect considers A chromosomes as possible donors of 
genetic material to Bs. Most of the DNA in large-genomed species is repeti- 
tive. Bs may originate from centric A fragments consisting largely of repeti- 
tive DNA or Bs, after origination by whatever means, may disproportion- 
ately accumulate useful repetitive DNA from repetitive-rich As found in 
species with large genomes. 

There may also be a methodological explanation for the results. Differen- 
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Table 9.6 Logistic regression analysis for factors associated with the presence of B 
chromosomes across 226 species of British plants 











Logistic Likelihood Ratio Tests 


Variable 


Coefficient 


s.e. 


Partial r 


Chi-Square 


df Probability 


Intercept 


-1.79 


0.90 


-0.10 






Genome size 1 


1.55 


0.54 


0.18 


9.48 


1 0.002 


Breeding system 2 


1.67 


0.45 


0.24 


14.83 


1 0.0001 


Chromosome no. 3 


-0.09 


0.03 


-0.19 


13.11 


1 0.0003 


No. estimates 


0.30 


0.21 


0.00 


2.10 


1 0.15 


Variable ploidy? 4 


0.36 


0.44 


0.00 


0.68 


1 0.41 



'Log (4C/ploidy) 

Selfing + mixed versus outcrossing. 

Minimum reported number of chromosomes. 

Constant versus variable ploidy. 
From Trivers et al. (2004). 



tial rates of DNA excision may explain much variation in genome size 
(Petrov et al. 2000, Petrov 2002). If rates of excision on Bs are similar to 
those on As, the size of the A genome and the size of any Bs will be corre- 
lated, so Bs may be especially difficult to detect in species with small A 
genomes. We know of no way of falsifying this assertion. Beyond these few 
suggestions, we can only invite others to try to explain these (and the fol- 
lowing) results. 

Chromosome Number 

Because it was convenient, we also noted chromosome number and discov- 
ered a strong negative association between chromosome number and the 
presence of Bs (after logistic correction, p< 0.0003; Trivers et al. 2004). Why 
this should be true is also obscure to us. It may be that species with many 
chromosomes have a more strongly developed meiotic machinery for fair 
segregation, though they will also have more units to segregate. The effect, 
if any, is perhaps most likely in species with a few large A chromosomes, 
which generate small Bs. The correlation with chromosome number is also 
consistent with the following bias. Fewer numbers mean greater size of each 
A chromosome. If B size is a constant fraction of mean A size, in species 
with relatively few A chromosomes, Bs will be physically larger and, there- 
fore, easier to detect. 
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Ploidy 

One might think that variable ploidy— that is, more than 1 ploidy level 
within a species— would be positively associated with frequency of B chro- 
mosomes, because crossing between individuals differing in ploidy might 
easily generate B chromosomes. But in our logistic analysis, variable ploidy 
has no effect on the presence of B chromosomes, while ploidy itself shows 
a weak, negative correlation with the presence of Bs. This could result 
from regularization of single Bs into paired ones under increase of ploidy 
An analogous phenomenon has been described for a haplodiploid species 
(Araujo et al. 2001, 2002). 

Shape of A Chromosomes 

On the theory of centromeric drive (see Chap. 8), there is a frequent switch 
in polarity regarding the relative success of different numbers of centro- 
meres on the metaphase plate during meiosis. Thus, a Robertsonian fusion 
of 2 acrocentrics into 1 metacentric pits 2 centromeres against 1. If relatively 
more centromeres are being favored by drive (as in mice), the karyotype be- 
comes mostly acrocentric, and vice versa (as in humans). The same kind of 
selection may apply to the Bs. In the typical B chromosome that drives dur- 
ing female meiosis, most of the drive is achieved when the B appears as a 
univalent and there may be no drive as a bivalent. In this case, the single ex- 
tra B amounts to an extra centromere on one side of the metaphase plate. 
Where extra centromeres are favored for A chromosomes, they may likewise 
be favored as B chromosomes, leading to a correlation between the percent- 
age of A chromosomes that are acrocentric and the presence of B chromo- 
somes. 

Data from mammals strongly support this supposition (Palestis et al. 
2004a). For mammals as a whole (p < 0.0001), rodents (p = 0.004) and all 
other mammals (p = 0.04), B chromosomes are more likely to be found in 
species with a larger fraction of acrocentric A chromosomes (Table 9.7). The 
effect is also significant in an independent taxonomic contrasts test for all 
mammals (p = 0.03). These data are the strongest evidence to date in sup- 
port of the meiotic drive theory of chromosomal evolution in mammals 
(Pardo-Manuel de Villena and Sapienza 2001a; see Chap. 8). 
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Table 9. 7 Average percentage of A chromosomes that are acrocentric for mammals 
with and without B chromosomes. 







% Acrocentric 






No. Species 


Chromosomes 


Probability 


All mammals 








Bs present 


57 


67 




Bs absent 


1116 


43 


< 0.0001 


Rodents 








Bs present 


45 


68 




Bs absent 


346 


50 


0.004 


Non-rodents 








Bs present 


12 


64 




Bs absent 


669 


41 


0.04 



From Palestis et al. (2004a). 

In addition, the shape of the B chromosome is positively correlated with 
the typical shape of the A chromosomes (p = 0.04). This is consistent with 
the view that most Bs within species are recently derived from conspecific 
As or, at least, that similar forces have acted on their shapes after originat- 
ing. A similar association appears to be true of grasshoppers (Camacho 
2005). 

There is still a dearth of information on how drive actually occurs in 
mammals. In one well-studied case, Rattus fuscipes, Bs drive strongly during 
female meiosis and show weak or no drive in males (Thomson 1984), and in 
R. rattus too there is drive in female meiosis (Stitou et al. 2004). In the only 
other cases known, drive may occur by mitotic instability in males but noth- 
ing is known about drive in females, and transmission data are lacking for 
both sexes (Patton 1977, Volobujev 1980). There are, of course, alternative 
explanations for the pattern we have described. If acrocentric As are more 
likely to donate Bs than are metacentric As, per arm, more acrocentrics will 
be associated with higher donation of B material. In addition, any other se- 
lection pressure favoring more over fewer centromeres will generate the 
same correlation. Not all species obey the general rule, of course, and excep- 
tions may occur for many reasons: no drive through female meiosis or the 
fusion of 2 chromosomes to form a metacentric, which generates a centric 
fragment that becomes a B (Patton 1977). 
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Bs and the Sex Ratio 

Because B chromosomes almost always drive in one sex and not in the 
other, they are expected to bias the sex ratio toward the sex in which they 
drive, while the As would be selected to have the opposite effect. In addi- 
tion, under certain conditions Bs may be selected to pair with and move op- 
posite to the X chromosome, leading the B to become a Y chromosome. 
Sometimes by simply changing sex an individual (or a genetic element) can 
take advantage of locally unbalanced sex ratios. This is known to occur in 
the wasp Nasonia vitripennis, in which the PSR B chromosome destroys the 
paternal A chromosomes, thereby converting diploid females into haploid 
males. Such an element can flourish when the sex ratio is female-biased for 
other reasons. We begin our account of sex ratio effects with PSR, which has 
been studied in some depth. 

Paternal Sex Ratio (PSR) in Nasonia 

PSR is a B chromosome with an unusually destructive form of self-propaga- 
tion (Nur et al. 1988, Werren and Stouthamer 2003). Found in a parasitoid 
wasp Nasonia vitripennis (males haploid, females diploid), it is inherited 
from the father and arrives with a haploid set of A chromosomes in a sperm 
cell. Upon fertilization of an egg, it immediately causes these same A chro- 
mosomes to condense into a chromatin mass that replicates once during the 
first cell division but not thereafter and is lost, usually by the fifth division. 
Thus, it converts diploid females into haploid males. At first glance this 
would appear to induce drive, because as adults these males will produce 
sperm cells by mitosis (r = 1) instead of egg cells by meiosis (r — 1/2); but in 
a haplodiploid species, only females produce sons. At equilibrium under 
outbreeding, the expected sex ratio is 1:1 (better put: the expected ratio of 
investment in offspring is 1:1; hereafter, we implicitly assume male cost 
equals female cost), so a female can expect to produce twice as many off- 
spring as a male, exactly balancing the greater transmission rate in males. In 
short, PSR requires a female-biased sex ratio in order to gain an advantage. 
Such biased sex ratios are expected under at least two conditions: local mate 
competition and the spread of selfish female-biasing genetic elements. 

As is well known, any tendency toward sib-mating favors a female-biased 
sex ratio (Hamilton 1967). Male Nasonia have only vestigial wings and usu- 
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ally mate with females emerging from the same parasitized host (fly pupa) 
or a nearby set of such hosts. Often these are sisters. This kind of breeding 
structure is both congenial and uncongenial to the spread of PSR (Werren 
and Beukeboom 1993). The female-biased sex ratio is congenial because the 
expected reproductive success of a male is then higher than that of his sister, 
but the very small size of the demes accentuates the negative effect of pro- 
ducing excess males. When the 2 opposing forces are compared, PSR is seen 
to invade the natural system to an equilibrial frequency of no more than 3% 
of males. Incidentally, about 10% of PSR males do produce some daughters 
that, in turn, appear to lack PSR (Beukeboom and Werren 1993a). This may 
result from the B being lost in some spermatogonia. 

When the sex ratio is female-biased without sib-mating or highly limited 
demes, PSR is expected to invade to much higher frequencies (Werren and 
Beukeboom 1993). A factor that will produce a female-biased sex ratio in 
large demes is well known from Nasonia: MSR (maternal sex ratio) is a cyto- 
plasmic factor that causes all eggs to be fertilized (all-female families). These 
expectations have been confirmed in lab experiments that varied factors 
such as deme size and MSR frequencies (Beukeboom and Werren 1993b). 
In Utah where 17% of females have MSR, 11% of females are mated to PSR 
males. (Presumably in matings between the two, PSR wins out and all-male 
broods are produced.) 

The phenotypic effects of PSR form an interesting pattern. In general, 
PSR males are as fit, or fitter, than standard males (Beukeboom 1994). No 
significant differences in longevity were found (except in one sample in 
which PSR individuals survived better), nor in ability to compete for males 
and sperm depletion rates. PSR males produced larger family sizes (11- 
22%), but this at least partly reflects savings in producing all-male broods. 
PSR males have one major disadvantage: in multiple matings, they do 
poorly, especially if they are the last to mate. This disability may select 
for more rapid development, the one trait in which they show a consis- 
tent, if slight, advantage. Altogether, Beukeboom (1994) concludes that the 
phenotypic effects of PSR are unlikely to exert much effect on its numbers. 

PSR is an example of an ultra-destructive B chromosome that, under 
most conditions in nature, cannot flourish but that is aided by the spread of 
another selfish element, biasing the sex ratio in the opposite direction. Un- 
like most other B chromosomes, it does not spread by causing directed 
nondisjunction or biased meiosis in its own favor. It is rare across the range 



375 



GENES IN CONFLICT 



of its host, being restricted to the Wyoming Basin within the United States, 
where usually 1-5% of females are mated to PSR males (Beukeboom and 
Werren 2000). 

A chromosome with a similar effect appears to have evolved in the tiny 
parasitoid wasp Trichogramma kaykai (Stouthamer et al. 2001). Indeed, the 
mechanism of action appears to be the same as in Nasonia: all paternal chro- 
mosomes except the B condense into a chromatin mass and eventually fail 
to replicate (van Vugt et al. 2003). Like many other Trichogramma and other 
micro-Hymenoptera (Stouthamer 1997), many or all females are infected 
with the bacterium Wolbachia, which, by modifying the first mitotic divi- 
sion, converts haploid males into diploid females (Stouthamer and Kazmer 
1994). The B chromosome exactly reverses this action and turns diploid fe- 
males into haploid males. Because many of these species are inbred and 
have female-biased sex ratios anyway, the spread of feminizing Wolbachia is 
able to make many species completely parthenogenetic (Stouthamer 1997). 
Spread of this B keeps Wolbachia infection levels low at 6-25%. 

PSR-like elements may be much more widespread in the haplodiploid 
Hymenoptera than is commonly supposed (Werren and Stouthamer 2003). 
Although PSR usually produces all-male broods, these are also expected 
of virgin females and are, thus, easily overlooked. Many species produce 
female-biased sex ratios, not only under inbreeding and local mate competi- 
tion but also with frequent feminizing cytoplasmic elements. Finally, in 
both Nasonia and Trichogramma, PSR has easily been introduced into re- 
lated species (reviewed in Werren and Stouthamer 2003). The Bs' ultra- 
destructive behavior should make interspecific movement easier because 
they destroy the A genes with which they arrived. Thus, there is no hybrid 
inviability to impede movement into the new species; the B arrives alone. 

X-B Associations in Orthoptera 

In most of the Orthoptera, the female is XX and the male XO and B drive 
occurs in one sex only. This presents a special opportunity for a B chromo- 
some. When B drive occurs in the female, it can gain an additional advan- 
tage by associating (and segregating) with the X chromosome in male meio- 
sis: it will pass preferentially into daughters, where it will later drive, instead 
of sons, where it will not. The potential net increase in drive is substantial. If 
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B transmission in males is Mendelian, a gene causing exclusive X-B associa- 
tion would result in all daughters with a B and all sons without, or a dou- 
bling of drive a generation later. With drag in males, the potential benefit 
can be even greater. Notice that persistent X-B associations might be ex- 
pected to slightly depress the overall adult sex ratio because it would cause a 
higher percentage of females than males to carry B chromosomes, with their 
negative phenotypic effects (although these may be weaker than compara- 
ble effects in males). The argument goes the other way around if drive oc- 
curs in males. The B is then selected to go to the opposite pole of the X, in 
order to reappear in males. Whether this predisposes male XO systems to 
become XY is unclear. 

The key piece of evidence— that daughters with Bs outnumber sons with 
Bs in species showing drive in females, and the reverse for male drive— is, in 
fact, missing, even in species in which X-B association continues through- 
out meiosis. Instead, there is evidence of very strong, nonrandom pairing of 
the X and B chromosomes, usually together, but sometimes in opposition, 
often changing during meiosis; but there is no evidence that the final out- 
come (progeny sex ratio of B-containing individuals) is other than 50/50 (re- 
viewed in Camacho 2005). We would expect this result given conflict over B 
drive, but only if we assume the As have the final control. Under B drive in 
females, the B is selected to grab hold of the X during male meiosis and 
move across the spindle apparatus with it, while the As are selected to pry 
apart the B and the X and force them to assort at random or, better yet, 
make them move in opposition to each other so Bs are forced into males 
where they would later show drag. (The optimal strategy for the As may also 
depend on a sex difference in phenotypic costs: if the cost of a B is consider- 
ably greater in a male than in a female, As might be selected to keep the B in 
females, even though they drive there.) 

Has the Drosophila Y Evolved from a B? 

XO/XX systems may be vulnerable to the invasion of a B chromosome 
that comes to segregate against the X, thus becoming a Y chromosome 
(Hackstein et al. 1996). Any B with a sex-antagonistic effect favoring males 
(whether through survival, fertility, or drive) would naturally benefit from 
segregating against the lone X, because this would ensure passage to males, 
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where the benefit is found. Likewise, male fertility factors benefit by being 
Y-linked. Reasons for supposing that in D. melanogaster, unlike in mammals, 
the Y is not a degenerate X chromosome have been reviewed by Hackstein 
et al. (1996) and Carvalho (2002). In particular, genetic studies have failed to 
identify any X paralogs for Y-linked genes, whether these are male fertility 
genes or others (Brosseau 1960, Lohe et al. 1993, Carvalho 2002). Almost all 
appear to be derived from autosomal genes. The few other Y open-reading 
frames appear to be remnants of pseudogenes and retrotransposons. It is 
noteworthy that there are a number of XO species of Drosophila. Unlike in 
mammals, the Y does not determine sex; rather, it is the relative number of 
Xs to autosomes. Neither the Y chromosome fertility genes nor the associ- 
ated repetitive elements are conserved between species. At the molecular 
level, both Bs and Drosophila Y chromosomes are packed with repetitive ele- 
ments; likewise, the Y is largely heterochromatic, as are often B chromo- 
somes. In summary, it is as easy to imagine Y chromosomes growing in size 
from small B chromosomes as decreasing in size from large Xs. In the repleta 
group the primitive condition seems to have been dot-like Ys that increased 
in size, instead of nearly X-sized ones (Wasserman 1982). It has recently 
been shown that the Y in D. pseudoobscura originated 18mya not from a B 
but as a result of an autosomal translocation onto the X, whose paired seg- 
ment became a neo-Y (Carvalho and Clark 2005). 

In the psyllid bug Psyllafoersteri, a B chromosome appears to have all but 
become a Y chromosome in some populations in which all males have 1 X 
and 1 B chromosome and the 2 assort oppositely of each other some 98% of 
the time (Nokkala et al. 2000, Nokkala and Nokkala 2004). In other popula- 
tions, a few individuals lack Bs or have 3, so the incipient Y is clearly a B 
chromosome. In some populations X and Bs cosegregate in 25% of male 
meioses and a lower frequency of individuals have Bs. In a related species, 
Bs vary in number between cysts of a male's testes, so drive may occur in 
males, a factor that would predispose a B toward segregating opposite the X 
and thereby showing up in sons. 

An additional possible example of a B rejoining the regular chromo- 
somes occurs in the haplodiploid wasp Trypoxylon albitarse in which, in some 
populations, all males have 1 B and females, 2, while in other populations, 
there are a few females with or 3 Bs, apparently after a rapid B invasion 
(Araujo et al. 2001, 2002). In principle, Bs may also join the A genome 
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by translocating onto an A as an extranumerary chromosomal segment 
(Camacho 2005). 

Other Effects of Bs on the Sex Ratio 

There is tantalizing evidence of sex ratio effects that make sense on the as- 
sumption that a B chromosome wants to bias the sex ratio in the direction 
of the sex within which it drives. For example, in the characid fish Astyanax 
scabripinnis, there is a highly significant association between B chromo- 
somes and sex, with a disproportionately high frequency of males without a 
B chromosome and a high frequency of females with 1 B (Vicente et al. 
1996; see also Neo et al. 2000). Five intersexes were discovered, all of which 
had Bs, so Bs may have a direct effect on the sexual phenotype (Neo et al. 
2000). But nothing is known about the sex in which drive occurs. (The B is, 
incidentally, very large.) In the fairy shrimp Branchipus schaefferi, Bs are only 
found in males. The more Bs are found in a male, the more male-biased is 
the population sex ratio (Beladjal et al. 2002). Presumably drive occurs in 
males, though it is unclear why Bs are not found in females. Significantly 
more Bs are found in female than in male marsupial frogs, but nothing is 
known about the causes of this difference (Schmid et al. 2002). In Distonyx 
groenlandicus, a lemming with X*Y females (see Chap. 3), a B chromosome 
appears to have arisen from the Y chromosome (Berend et al. 2001). This is 
very interesting because, if it could bias the sex ratio toward males (by re- 
versing the feminizing effects of X* Y), it would immediately spread because 
X* creates a dearth of males. For another example of Y derivation, see the 
frog Leiopelma hochstetteri (Sharbel et al. 1998). In the zebra finch there ap- 
pears to be a germline-limited accessory chromosome in all males and fe- 
males examined (Pigozzi and Solari 1998). Because it appears to be elimi- 
nated in males, it presumably shows complete drive in females. 

Jones and Rees (1982) pointed out that when Bs are not small chromo- 
somes, they are often the size of sex chromosomes, with some evidence of 
derivation from them. This may be because aneuploidy is more easily toler- 
ated for sex chromosomes, as it is for small autosomes, giving the B chromo- 
some a protected status during which to perfect drive. An example of proba- 
ble X derivation comes from Eyprepocnemis plorans in which one B, B 2 , has 
the same centromeric location and the same order of its 2 major constitu- 
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ents (a 185bp repeat and rDNA) as does the X chromosome (and none of 
the autosomes). Note that Haig (1993d) has suggested a similar argument 
for the way in which sex chromosomal tolerance of aneuploidy led to the 
evolution of germline-limited chromosomes in the sciarids. 

Male Sterility in Plantago 

In Plantago coronopus, a single chromosome is associated with male sterility 
and is never found in male-fertile plants (Paliwal and Hyde 1959; but more 
recent work calls this into question, Raghuvanshi and Kumar 1983). This B 
chromosome is much smaller than any of the As, and it is heterochromatic 
and resembles the centromeric region of a typical A chromosome. In the re- 
lated P. serraria, B drive occurs during meiotic segregation in egg mother 
cells (Frost 1959). If the same is true in P. coronopus and there is sufficient re- 
productive compensation, selection may favor the B switching develop- 
ment of a hermaphrodite into pure-female, in order to benefit from drive 
there. In addition, there is evidence that the male-sterile plants often repro- 
duce apomictically. Bs are known to increase A chromosome instability in 
tapetal cells of maize, so they could presumably easily evolve the ability to 
cause early destruction of tapetal tissue, as do CMS genes (Chiavarino et al. 
2000). 
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IN A VARIETY OF UNUSUAL— and, sometimes, bizarre— genetic systems, individ- 
uals discard the chromosomes they inherited from one parent and only 
transmit those from the other parent. The chromosomes that are transmit- 
ted may thereby enjoy a 2-fold advantage; they are analogous to autosomal 
drivers, except that drive applies to an entire haploid set of chromosomes, 
and drive may be based on parent-of-origin, not on a specific DNA se- 
quence. But the extent to which these chromosomes act together to produce 
drive is completely unknown, so it is entirely possible that 1 or a few genes 
direct the entire process. 

We discuss here 3 systems of genomic exclusion that differ fundamentally 
in their mechanisms, phylogenetic distribution, and underlying logic (Table 
10.1). The most important and widespread system is paternal genome loss 
(PGL) in males: males begin life as diploids but they only transmit their ma- 
ternal chromosomes to offspring. Sometimes, the paternal chromosomes 
are lost early in development so males spend most of their lives as haploids. 
In others, paternal chromosomes are inactivated early in development— so 
males are functionally haploid— but the paternal genes are carried through- 
out life, only to be jettisoned during spermatogenesis. Whatever the mecha- 
nism and time of action during development, the key feature is that all ma- 
ternal genes show complete drive in males and (with one exception) the 
male functions throughout life as a haploid. These genes are like autosomal 
driving elements such as t and SD, except that transmission rate differences 
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are determined not by specific nucleotide sequences but by the parental 
derivation of the chromosomes (maternal vs. paternal). The resulting pat- 
tern of inheritance is the same as that seen in haplodiploid species (e.g., 
monogonont rotifers, some mites, thrips, whiteflies, ants, bees, and wasps) 
and for the X chromosome in male heterogametic species. Hence, the sys- 
tem is sometimes called parahaplodiploidy. Males are identically related 
to offspring, and full sisters are related by three-fourths (Hamilton 1972, 
Trivers and Hare 1976). PGL in males has been described in some mites, 
scale insects, a beetle, and probably a suborder of springtails (Collembola). 
It is also found as a component of the more complicated genetic systems of 
fungus gnats and gall midges. Some of these are very successful groups. 
More than half of the 6000 species of scale insects show paternal genome 
loss and these species are widespread pests of plants worldwide. There are 
thousands and perhaps tens of thousands of species of fungal gnats and gall 
midges, all or most of which show PGL in males. Phytoseiid mites, in turn, 
are an important family of predatory mites. Why PGL in these species and 
not in others? In this chapter we review ideas that inbreeding and selection 
for female-biased sex ratios are predisposing factors, and that PGL may have 
evolved as a consequence of bacterial endosymbionts manipulating their 
host's chromosomes. 

The second system of genomic exclusion is very different: when individu- 
als from 2 different species mate, the hybrid offspring may be fertile; but 
when it reproduces, it passes on only the haploid genome from one parental 
species, discarding the haploid genome from the other species during game- 
togenesis. That is, the genes from a species are used somatically for one gen- 
eration and then replaced. This asexual form of reproduction may benefit 
from repeated hybridization with a sexual species whose genes are used but 
not passed on. Sometimes only female hybrids are produced and are fertile, 
and so the system is analogous to a driving Y chromosome in a female hetero- 
gametic species. This system is called hybridogenesis, or hemiclonal repro- 
duction, and is much more occasional than PGL, with examples found so 
far in single species complexes of topminnows, water frogs, and stick insects. 

Finally, we have maternal genome loss, or androgenesis, in which the ma- 
ternal genome is ejected from its own egg after fertilization and the progeny 
contain only the paternal genome. It is the forced reproduction of paternal 
genes by maternal tissue. This system is found in some hermaphroditic 
clams and other species and is a particular puzzle to understand, because it 
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Table 10.1 Systems of genome exclusion 



Paternal genome loss (PGL) in males or parahaplodiploidy 

Distribution. Very important system, widespread in some groups, such as scale insects, 

fungus gnats, and phytoseiid mites. Also found in a beetle and in springtails. May 

have frequently given rise to haplodiploid species. 
Key features. Associated with very small body size, inbreeding, and local mate 

competition, with strongly female-biased sex ratios. The latter favor a driving X, 

joined by maternal autosomes, with little or no resistance from the paternal genes: 

in short, PGL itself. Also associated with bacteria transmitted only through eggs 

that may have been selected to haploidize males. 
Hybridogenesis or hemiclonal reproduction 

Distribution. Found only in interspecific hybrids. Known from topminnows 

(Poeciliopsis), stick insects {Bacillus) and water frogs (Rand). 
Key features. Asexual ("hemiclonal") females borrow paternal genes every generation 

from closely related sexual form, which may often give a heterotic advantage over 

pure parthenogenesis. 
Androgenesis or maternal genome loss 

Distribution. Found only in a cypress tree (Cupressus), a clam (Corbicula), and a stick 

insect (Bacillus). 
Key features. Infrequent in the stick insect, which is dioecious and hybridogenetic. 

Common in the other two, which are hermaphroditic. This latter trait helps 

prevent extinction and, if combined with selfing, reduces (or eliminates) resistance 

from the maternal genes. 



imposes such a severe cost on the investing sex (females). Indeed, one spe- 
cies of cypress tree is now near extinction. Although associated with herma- 
phroditism, androgenesis also occurs sporadically in the very species of stick 
insects that also shows hybridogenesis. (The opposite system of gynogene- 
sis, or pseudogamy, in which the paternal genome is excluded after fertiliza- 
tion, is similar to conventional asexual reproduction, and we do not discuss 
it further; see Stenseth et al. 1985.) 

Each system has a very different logic and, except for stick insects, there is 
no overlap in the kinds of species found with the different systems of 
genomic exclusion. We begin our treatment with PGL in males. 

Paternal Genome Loss in Males, or Parahaplodiploidy 

Relatively simple forms of PGL occur in some mites, scale insects, a beetle, 
and probably also in some springtails (Fig. 10.1). We review the biology of 
PGL in each of these taxa in turn. We also review those aspects of the spe- 
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Phytoseiid mite 
(Amblyseim sp.) 




Springtail {Ptenothrix sp.) 




Scale insect 
{Planococcus citri) 




Coffee borer beetle 
{Hypothenemus hatnpei) 




Gall midge (Mayetiola destructor) 



Figure 10.1 Representatives of 6 taxa with paternal genome loss. All of them are small 
arthropods, but otherwise unremarkable. 



cies' natural histories that are most relevant to the various ideas that have 
been put forward about why PGL may have evolved— for example, facts 
about the mating systems, sex-determining systems, and the presence of ma- 
ternally inherited endosymbiotic bacteria (Table 10.2). We then discuss in 
more detail these various ideas about the evolution of PGL, and about the 
links between PGL and haplodiploid systems. PGL also occurs as a compo- 
nent of more complicated chromosomal systems in some dipterans (fungus 
gnats and gall midges), but discussion of these cases is deferred until later in 
the chapter. 
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PGL in Mites 

The Phytoseiidae are predatory mites that commonly attack herbivorous 
mites. There are about 1000 described species, and presumably many more 
undescribed (Oliver 1983). Several species are used in the biological control 
of spider mites and so are relatively well studied (Hoy 1985). Individuals are 
small, typically about 0.4mm long, with no eyes, antennae, or wings, and 
generations are short (about a week from egg to adult). In all sexual species 
that have been examined, males are haploid and females need to mate be- 
fore laying eggs— presumably they all show PGL, though this has been con- 
firmed in only a few species (Nelson- Rees et al. 1980). In addition, there are 
wholly asexual species. Chromosomes are few in number, generally 6 or 8 in 
females and half that in males (Hoy 1985). Intracellular symbionts— which 
are presumably vertically transmitted through females— have been found in 
at least 1 species (Hess and Hoy 1982). 

Cytological observations on one species, Typhlodromus ( = Metaseiulus) 
occidentalis, show that normal mitotic cell divisions occur in all eggs for the 
first 24 hours of development (Nelson-Rees et al. 1980). During the second 
day, half the chromosomes are ejected from most or all cells of about 40% 
of the eggs (presumably the males). First there is a "reductional" division in 
which homologous chromosomes pair and then separate; one set is slightly 
more condensed than the other and there is no indication of crossing-over. 
After separation the condensed set is then ejected out of the cell, where it 
stains very darkly. Evidence that the ejected chromosomes are paternally de- 
rived comes from crosses that show that pesticide resistance of males is in- 
herited only from the mother, both in T. occidentalis and Phytoseiulus 
persimilis (Helle et al. 1978, Nelson-Rees et al. 1980). In addition, males that 
have been exposed to high levels of X-irradiation produce no daughters 
(presumably because of dominant lethal mutations) but do produce sons. 
Curiously, though, these sons are sterile, suggesting perhaps some residual 
function for the paternal genome— this is true of T. occidentalis, P. persimilis, 
and Amblyseius bibens (Helle et al. 1978, Hoy 1979). 

PGL is probably also found in the Anoetidae and Dermanyssidae families 
of mites, though the evidence here is indirect: males are haploid and fe- 
males must mate before laying any eggs (Nelson-Rees et al. 1980, Oliver 
1983, Hoy 1985). In each case the ancestral state was male heterogamety (ei- 
ther XO or XY; Oliver 1983). 
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Genomic Exclusion 



Behavioral and population studies suggest high levels of inbreeding and a 
good fit to Hamilton's (1967) local mate competition model, at least in 
some species (Sabelis and Nagelkerke 1987). Progeny of a single female de- 
veloping on a leaf are likely to mate with each other because males develop 
faster than females but do not disperse; rather, they make and maintain con- 
tact with juvenile females, waiting until they emerge. Mating occurs imme- 
diately afterwards (Hoy and Smilanick 1979, Hoy 1985). Dispersal is primar- 
ily by mated females, either walking or in the wind (Johnson and Croft 
1976, Sabelis and van der Meer 1986). Furthermore, the sex ratio of phyto- 
seiids is typically female-biased, as expected under local mate competition 
(Sabelis and Nagelkerke 1987). 

The primary sex ratio is under maternal control, as indicated by many ob- 
servations of adaptive sex ratio adjustments. For example, the proportion of 
males declines between the first day or two of egg laying and the remainder 
of the egg-laying period in both P. persimilis and A. bibens (Schulten et al. 
1978). Increasing the amount of food available to a female increases the pro- 
portion of daughters in A. californicus, T. occidentalis, and P. persimilis, while 
crowding females increases the proportion of sons in A. anonymomys, A. 
idaeus, and T. occidentalis (reviewed in Sabelis and Nagelkerke 1987). In P. 
persimilis, female eggs are 15% larger than male eggs, and this requires mater- 
nal control of sex of the egg. Finally, females of T. occidentalis and P. persimilis 
adjust the sex ratio they produce to the presence of conspecifics or their 
cues (Nagelkerke and Sabelis 1998). Sex ratio adjustment is precise in that its 
variance is less than binomial and improves over time as successive eggs are 
laid. Indeed, sex ratio control appears to be as precise in parahaplodiploid 
mites as it is in haplodiploid species, even though control is more straight- 
forward in the latter. 



PGL in Scale Insects 

PGL in males is widespread, though not universal, in scale insects (Homop- 
tera: superfamily Coccoidea), which is a widespread and important group of 
insects. There are about 6000 species of scale insects, which live as external 
parasites of perennial plants (Miller and Kosztarab 1979). Their primary ad- 
aptation is for a female to settle at one spot on the stem of a plant and to in- 
sert her mouthparts down into the phloem, from which nutrients are de- 
rived. From this adaptation comes a strong trend toward sedentary habits, 
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with a scale, or covering, evolving as protection for mother and offspring. 
Specialization in the Coccoidea usually involves reduction in size and in 
mobility, reduction or loss of structures (e.g., legs), and, most importantly, 
the development of various mechanisms to protect the eggs or the young 
larvae. These mechanisms include the retention of the developing eggs in- 
side the female until sometime prior to hatching, the secretion of wax fila- 
ments to form an ovisac, the hardening of the body to form a scale, or the 
formation of a true scale as in the armored scale insects (Diaspididae; Nur 
1980). Thus, larval development is commonly gregarious in scale insects. As 
with many other sap feeders, endosymbiotic bacteria that supply vitamins 
and amino acids are common in scale insects. These are found in an un- 
usual set of host cells and passed on from mother to offspring (for more de- 
tails, see Chap. 11). 

As in all Homoptera, chromosomes are holocentric, lacking a localized 
centromere (Nur 1980). That is, the spindle apparatus attaches to each chro- 
mosome throughout its length. Each fragment is thus "centric" and much 
less likely to be lost in mitosis and meiosis than are acentric fragments in a 
conventional species. This behavior may help explain the enormous variety 
of karyotypes within the Coccoidea. To take the extreme, among 17 species 
in a single genus (Apiomorphd) of gall-inducing scale insects, the chromo- 
some number varies by a factor of 48, from N = 4 to N—192 (Cook 2000). 
Less extreme but still substantial variation in chromosome number charac- 
terizes many other coccoid taxa, with increases in number suggested to 
be more frequent than decreases (Nur 1980). By contrast, almost all species 
in the largest family, Diaspididae, show a uniform N = 4 (Brown 1965). 
Coccoids also show inverted meiosis, in which the first meiotic division is 
equational and the second reductional, instead of vice versa as in the usual 
system. Finally, the group is unusually rich in genetic systems, including 
conventional diploid outbred, diploid parthenogenetic, haplodiploid, and 
PGL species. The most likely ancestral state for the evolution of PGL in 
scale insects is XO male heterogamety, as seen in the outgroup Puto and in 
various coccoid genera. And meiosis is achiasmatic in males. 

The 3 systems of PGL. In scale insects there are 3 systems of paternal ge- 
nome loss: the lecanoid, the Comstockiella, and the diaspid (Kitchin 1975, 
Nur 1980, 1982). In the first 2 systems, the paternal genome is made het- 



388 



Genomic Exclusion 



erochromatic early in development and kept inactive throughout develop- 
ment, until it is eliminated in meiosis. The 2 systems differ only in the de- 
tails of the elimination. Heterochromatinization occurs after 6 or 7 cleavage 
divisions (i.e., in 64-128 cell blastulas), when zygotic gene transcription first 
occurs and when the paternal set would normally have first become active 
(Herrick and Seger 1999). In artificially induced haploid embryos or tis- 
sues (i.e., in the absence of the maternal genome), the paternal genome is 
heterochromatinized as usual (suggesting maternal transcripts or proteins 
are responsible for induction), but then the chromosomes revert to being 
euchromatic (suggesting the maternally derived homologs are responsible 
for maintenance; Brown and Nur 1964). In the lecanoid system the paternal 
chromosomes go through meiosis with the euchromatic set: there is no 
crossing-over and the spermatids receiving the heterochromatic set simply 
fail to develop into functional sperm. Recent cytogenetic studies on the 
mealybug Planococcus citri confirm that the first meiotic division is equa- 
tional (i.e., separating the 2 chromatids of each chromosome), and then 
at the second meiotic division a monopolar spindle forms, to which the 
euchromatic chromosomes attach but not the heterochromatic ones, thus 
allowing the cosegregation of the maternally derived chromosomes 
(Bongiorni et al. 2004). 

In the Comstockiella system, the heterochromatic paternal chromosomes 
are destroyed in whole or in part just prior to meiosis. Sometimes all of the 
paternal chromosomes are destroyed, and there is no second division; at 
other times, 1 chromosome survives and it is "ejected" from the telophase 
nuclei. In yet other cases, 2 or more chromosomes survive and there is a sec- 
ond meiotic division; and at the limit, all survive and one has a lecanoid sys- 
tem. Thus the number of paternal chromosomes eliminated before meiosis 
can vary from all to none, and this range of variation can be seen among 
species, among individuals of the same species, and among testicular cysts 
of the same individual. 

Finally, in the third system, the diaspidid, the paternal chromosomes 
are eliminated at the same blastocyst stage at which they are inactivated 
in the other 2 systems. This is similar to what is seen in phytoseiid mites 
and can be seen as an evolutionary advance— saving the cost of replicating 
inactivated DNA (and also preventing reactivation of the paternal set). This 
system is seen only in some species of a single highly specialized family 
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(Diaspididae— armored scale insects). It has been suggested that this trend 
towards earlier ejection of the paternal chromosomes may reflect a history 
of resistance on the part of some or all of the paternal chromosomes (Her- 
rick and Seger 1999). 

At the molecular level, virtually nothing is known except that maternal 
and paternal genomes in both sexes may differ in methylation patterns (Nur 
1990b, Bongiorni et al. 1999). 

Inbreeding and local mate competition? Adult males usually develop 
wings, but they feed neither during the prepupal (third) or pupal (fourth) 
stages nor as adults (Nur 1980). They usually live only a few hours or days, 
are poor fliers, and often mate near where they hatch, presumably with sis- 
ters and other close relatives (Comstock 1940, Miller and Kosztarab 1979). 
Recent work on sex ratio of eggs of P. citri confirms that the primary sex ratio 
for that species is female-biased (Varndell and Godfray 1996). Whether 
these traits are ancestral to the group is not known, but the male traits cited 
characterize scale insects generally, not just those with PGL. 

Maternal control of the sex ratio. As with the phytoseiid mites, there are a 
number of observations suggesting maternal control of the sex ratio. In P. 
citri, females that are aged before being allowed to mate produce a higher 
proportion of males (reviewed in Werren and Charnov 1978). Several other 
species show the same effect, and temperature and photoperiod effects have 
also been observed (Nur 1990a). The sex ratio of eggs in P. citri is sensitive 
to variables associated with degree of competition between females (adult 
crowding) and availability of males in the environment (time without con- 
tact with males before breeding), though in a pattern that is difficult to in- 
terpret (Varndell and Godfray 1996). In Stictococcus (a 2n-2n species), eggs 
that will turn into females contain endosymbionts and those that will be- 
come males do not (Brown and Chandra 1977). While the cause and effect 
are not certain, it is clear that sex is determined before fertilization. Finally, 
in the diaspid Pseudaulacaspis pentagona, eggs containing female embryos are 
coral colored and are laid first; eggs containing male embryos are whitish 
and laid later, again implying maternal control. The pattern of pigment for- 
mation is not known specifically for this species, but in 3 other families of 
scale insects, egg pigments are present before fertilization. (On the other 
hand, embryos are laid at a fairly advanced stage in P. pentagona; Nur 1990a.) 
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PGL in the Coffee Borer Beetle 

The coffee borer beetle Hypothenemus hampei (Scolytidae) shows paternal ge- 
nome loss in males, as inferred from absence of paternal inheritance by sons 
(as in haplodiploid species) and failure of unfertilized eggs to develop (un- 
like haplodiploid species). There is cytological evidence that males remain 
diploid throughout life but, from early on, one set of chromosomes appears 
to be inactivated and is later discarded during spermatogenesis (Brun et al. 
1995a, 1995b, Borsa and Kjellberg 1996). The species has the classic marks 
of local mate competition. A single female enters a coffee berry, digs a gal- 
lery, and deposits her eggs. She produces a strongly female-biased sex ratio 
(—1:10), but this bias decreases (as in parasitic wasps) with increasing com- 
petition between mothers (Borsa and Kjellberg 1996). The dwarf and flight- 
less males have one fewer molts than females and they usually mate with 
their sisters. The ancestral sex-determining system for beetles is XY/XX, the 
small Y not being involved in sex determination. 

PGL in Springtails? 

Recent studies have shown that in 3 species of springtails (Collembola, 
suborder Symphypleona), spermatogenesis is aberrant in a manner that 
strongly suggests paternal genome loss (Dallai et al. 1999, 2000). As usual, 
meiosis is normal in females, with pairing and crossing-over, while in males 
2n = 10 spermatogonia give way to daughter cells of n = 6 and n = 4. The 
n = 4 cells have very little cytoplasm and do not divide again. The nuclear 
material becomes heavily compacted and the cell degenerates. The n = 6 
cell divides once to give 2 sperm cells. Females are 2n = 12 and also pro- 
duce sex cells with n = 6. Thus, offspring of both sexes begin with n = 12, 
but 2 of these chromosomes are then lost in the male very early in develop- 
ment—before soma and germ cells differentiate and possibly as early as the 
first mitotic division. In spermatogenesis paternal and maternal chromo- 
somes do not pair and meiosis is thus achiasmatic, but whether this was 
original to the group is not clear. Preliminary evidence suggests that the ab- 
errant system is found in 3 additional species and may well be general for 
the Symphypleona. Because both sexes are wingless with low mobility, in- 
breeding is assumed to be common and the production of nearly all-female 
broods is known to be common. Population sex ratios are often strongly fe- 
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male-biased in the Collembola (Hop kin 1997) and, in particular, in the spe- 
cies with the aberrant system. What is not yet known is whether the chro- 
mosomes eliminated are, as expected, the paternal ones. 

Evolution of PGL 

The question of how PGL systems may have evolved has long been a matter 
of theorizing, attracting some of the finest minds in evolutionary biol- 
ogy (Brown 1964, Bull 1979, Haig 1993c, Hamilton 1993, Normark 2004). 
There is as yet no consensus, but several factors are likely to have been im- 
portant. 

Drive. If a maternal effect mutation arose that caused paternally derived 
chromosomes in sons to be silenced and ejected, it would have a transmis- 
sion advantage and could thereby spread through a population. The gene 
might, for example, produce RNAs or proteins that are introduced into the 
egg and attack any incoming paternal genome that contains a Y chromo- 
some (or does not contain an X). Alternatively, a mutation expressed in the 
offspring that, when maternally derived, attacked paternal genomes with a Y 
(or no X) would also show a transmission advantage. Such a mutation could 
be imprinted or could simply be X-linked. Crucially for these mechanistic 
speculations, the ancestral state for PGL is typically male heterogametic. 
This kind of drive is selected in all male heterogametic species— why then 
does PGL only occur in some mites and small-bodied insects? 

Inbreeding. Inbreeding affects the evolution of PGL in several ways. First, 
inbreeding leads to homozygosity and the expression of deleterious reces- 
sive mutations. A history of inbreeding will purge these mutations from the 
population, and so make the switch to the functional haploidy of PGL more 
likely. Such a switch would not easily be tolerated in outcrossed species. Sec- 
ond, inbreeding reduces the importance of drive (and drag)— in inbred spe- 
cies the maternal and paternal genomes are related and so the conflict be- 
tween them is less. Finally, in a species with a 50:50 sex ratio, inbreeding 
would usually be associated with intense competition among brothers for 
mates (local mate competition), and so selects for a female-biased sex ratio. 
This is exactly what PGL produces in male heterogametic species: males 
that produce X-bearing sperm only. Thus an autosomal mutation that was 
expressed independently of parental origin and that attacked paternal 
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genomes with a Y chromosome could still spread because of the sex ratio 
bias. Indeed, an autosomal "suicide" mutation that was only active when 
paternally derived and caused the elimination of Y-bearing paternal ge- 
nomes could also spread, if inbreeding was sufficiently intense— not so much 
a selfish gene as a self-sacrificial gene. The only chromosome unlikely to 
evolve PGL— and indeed to resist it— is a Y, as it will not be found in sisters. Y 
chromosomes are likely to have been present in the ancestors of some PGL 
taxa but not others (Table 10.2). 

Whether or not PGL evolves in order to bias the sex ratio, the fact that it 
does so initially means that selection on the PGL mutation should be 
frequency-dependent. That is, the selective advantage of the mutation will 
decline as it becomes more common and the population becomes more fe- 
male biased. The mutation may therefore come to some intermediate equi- 
librium frequency, depending on such factors as where it is located (X vs. 
autosome), its mode of action (maternal vs. paternal vs. zygotic), any pleio- 
tropic effects it may have, and the degree of inbreeding in the population. If 
it does stabilize at an intermediate frequency (rather than going to fixation 
and driving the population extinct), there will then be 2 types of males in 
the population: wildtype males producing a 50:50 sex ratio and PGL males 
producing all daughters. Females will then be selected to control the sex of 
their progeny so their broods may have the optimal sex ratio and so they 
can make facultative adjustments in the sex ratio. As we have seen, there is 
considerable evidence for such maternal control in both phytoseiid mites 
and scale insects. 

The evidence on inbreeding in taxa with PGL is suggestive. Many species 
of phytoseiid mites fit the pattern of local mate competition, though PGL is 
so ancient that it is difficult to infer the ancestral mating system with con- 
fidence. Scale insects are mixed: adult males are winged unlike the usual 
case for sib-mating (Hamilton 1967), yet they have very short lives, are poor 
fliers, and appear often to mate near their place of birth. Again, it is difficult 
to be confident about what mating systems were like when PGL first arose. 
The bark beetle genus Hypothenemus is particularly interesting in this re- 
spect, as it is probably the most recently evolved case of PGL, and it fits the 
classic local mate competition mold very well. The study of other, even 
more recently evolved cases will be especially valuable for inferring the gen- 
eral principles of PGL evolution. There may be tens or even hundreds of 
small twigs on the tree of life with PGL awaiting discovery. 
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Egg-transmitted bacteria. Perhaps the original PGL mutation did not oc- 
cur in the nucleus but instead in a maternally transmitted bacterial endo- 
symbiont (Hamilton 1993, Normark 2004). This is not impossible: mater- 
nally transmitted Wolbachia endosymbionts are well known to affect the 
chromosome dynamics of their hosts (see Box 5.3). Such a mutation may be 
positively selected for two reasons. First, in an inbreeding population, the 
bacteria in a male will benefit from the female-biased sex ratio produced by 
PGL because the bacteria in him will be related to those in his daughters, 
who will, in turn, pass on the bacteria. Alternatively, in an outcrossed popu- 
lation, bacteria that caused males to be functionally haploid would, at least 
initially, often kill the males. If progeny were gregarious, resources would be 
freed for the males' sisters, which would again contain closely related endo- 
symbionts, so the mutant bacteria would increase in frequency. Bacterial 
endosymbionts have been reported from phytoseiid mites and are common 
in scale insects. Larvae from both taxa are often gregarious, as are those of 
the coffee borer beetle. 

Achiasmatic meiosis in males. After crossing-over and forming chiasmata, 
each daughter chromosome is a mixture of paternal and maternal parts. 
These occur more or less at random and after this time there is no possibility 
of whole-genome drive based on parental origin, unless we imagine "re- 
verse recombination," a highly unlikely achievement. Thus, systems that for 
other reasons have evolved achiasmatic meiosis (i.e., without crossing-over) 
should be more likely to see PGL evolve. Achiasmatic meiosis is almost 
always found in one sex only and usually in the heterogametic sex. Thus, 
many flies (Diptera) are male heterogametic and male achiasmatic, while 
butterflies and moths (Lepidoptera) are female heterogametic and female 
achiasmatic. 

Time of action. In taxa with PGL the paternal genome is not silenced or 
eliminated immediately after fertilization, but instead after several mitotic 
divisions. This delayed action contrasts with several other PGL-like phe- 
nomena. For example, the PSR chromosome ofNasonia wasps causes pater- 
nally inherited autosomes to be lost and does so from the first mitotic divi- 
sion (Reed and Werren 1995; see Chap. 9). Similarly, the Wolbachia bacteria 
that cause cytoplasmic incompatibility in Drosophila do so by interfering 
with the separation of paternal chromosomes and act from the first mitotic 
division onward (Tram and Sullivan 2002). In Drosophila both maternally 
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active and paternally active nuclear mutations are known that interfere with 
the paternally derived chromosomes in the fertilized egg (Loppin et al. 
2000, 2001, Ohsako et al. 2003). And in gynogenetic or pseudogamous 
asexuality, the paternal genome is excluded from the beginning. The silenc- 
ing (or ejection) of chromosomes in PGL taxa is, by comparison, delayed. 
The timing may be linked to when the progeny begins to express its own 
genes (rather than relying on transcripts and proteins inherited from the 
mother) and may be linked to the fact that silencing occurs only in males 
rather than in all progeny (so that sex identification may be necessary), but 
otherwise the significance of the delay is obscure. 

PGL and Haplodiploidy 

PGL systems are sometimes described as parahaplodiploid in order to em- 
phasize that inheritance is the same as in haplodiploid species. Under PGL 
the male begins life as a diploid— and may remain diploid— but he only 
transmits his mother's genes. It is natural to wonder whether the two sys- 
tems tend to evolve under the same circumstances. Certainly, they are of- 
ten found together in the same groups: thus, both kinds of inheritance 
are frequently found in mites and coccoids. There are several reasons to ex- 
pect this coincidence, including the possibility that parahaplodiploidy may 
provide one route to the evolution of haplodiploidy (Schrader and Hughes- 
Schrader 1931). Once PGL is achieved, one final step is all that is needed for 
haplodiploidy to emerge. Evidence from mites suggests that this may have 
happened. In dermanyssine mites (Acari: Mesostigmata), molecular taxon- 
omy reveals that the haplodiploid clade evolved from a PGL— rather than a 
conventional diploid— system (Cruickshank and Thomas 1999). (By con- 
trast, in scolytid beetles, a haplodiploid clade has apparently evolved di- 
rectly from a diploid species; Normark et al. 1999.) Other reasons for PGL 
and haplodiploidy to co-occur include common predisposing factors, such 
as inbreeding and selection for a female-biased sex ratio. 

Sciarid Chromosome System 

Fungus gnats of the genus Sciara have a chromosomal system among the 
most complicated of any animal, one so complex as easily to deter fur- 
ther study (but reviewed in Gerbi 1986). The system shows evidence of sev- 
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eral major kinds of selfish genes, including those involved in paternal ge- 
nome loss, germline-limited chromosomes, and selfish X interactions. Haig 
(1993d) has provided a hypothetical account of how the complex sciarid 
system we see today may have resulted from a long history of intragenomic 
conflict centering on sex determination and the sex ratio. Of particular in- 
terest is Haig's account of how sex ratio conflict may have spun off a set of 
germline-linked chromosomes (Ls), that is, chromosomes absent from so- 
matic cells. We begin our account with as simple an overview of the sciarid 
chromosomal system as we can muster, based primarily on Sciara coprophila. 
We then present Haig's ideas about how the system may have evolved. 
Finally, we review the cytogenetic basis for the various aberrant chromo- 
somal behaviors. 

Notable Features of the Sciarid System 

The sciarid chromosome system has 3 separate elements: the autosomes; 
the X chromosome, which has an unusually complicated lifecycle in the 2 
sexes; and the germline-limited chromosomes, which may vary in number 
within species. Germline transmission of these elements is entirely normal 
in adult females, with each autosome, X, and L having a one-half chance of 
transmission. Spermatogenesis is highly aberrant in males. Autosomes show 
paternal loss, as does the X chromosome, while all L chromosomes are 
transmitted (i.e., they drive). An added complexity is that the maternal X 
shows nondisjunction and each sperm cell has 2 identical maternal Xs. This, 
as we shall see, is a very temporary gain. 

Thus, the zygote has 3 X chromosomes, it has 2n autosomes, and it has a 
varying number of L chromosomes, typically 3. But the numbers quickly 
change in the embryo. By the seventh round of cell divisions, 1 of the 2 pa- 
ternal X chromosomes is eliminated from the germ and soma of both sexes, 
as is 1 of the 2 Ls (parental origin uncertain). The remaining L chromosomes 
are retained only in the germline. The second paternal X is eliminated in the 
soma of individuals destined to become males. That is, males are somati- 
cally XO, with the lone X being maternal! Females retain both Xs in the 
soma. 

Several features of this genetic system are worth noting. In spermatogene- 
sis, the maternal X fails to disjoin and 2 copies are retained in each sperm, 
yet this temporary gain is almost immediately reversed in the embryo when 
1 of the 2 paternal Xs is eliminated in both sexes. This temporary gain, fol- 
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lowed by reversal, with no net gain, suggests a possible history of intra- 
genomic conflict. Note that the second paternal X is eliminated from the 
soma of individuals who become males. This suggests conflict over the sex 
ratio and leaves the maternal X with a possibly controlling influence over 
later loss in transmission of the paternal X. Note that (unlike other taxa with 
PGL) paternal genes in males are not inactivated early in life but remain ac- 
tive throughout life, and so males are functionally diploid. 

Note also that, in spite of paternal genome loss among the regular chro- 
mosomes of males, the L chromosomes are all transmitted, although 1 pa- 
ternal L is promptly eliminated from the embryo. This is reminiscent of 
the B chromosome in Pseudococcus, which escapes paternal genome loss 
and instead shows drive (Nur 1962, Nur and Brett 1988) or PSR in Nasonia, 
a B that drives by causing paternal genome loss (Nur et al. 1988; see 
Chap. 9). 

An unusual feature of some sciarids, including S. coprophila, is that fe- 
males produce only one sex, sons or daughters, and are said to be mono- 
genic. This trait is controlled by a large paracentric inversion on the X chro- 
mosome such that those females who are heterozygous for the inversion 
produce only daughters while homozygous wildtype (no inversion) produce 
only sons. 



An Evolutionary Hypothesis 

Here we summarize Haig's (1993d) theory, describe some of its predictions, 
and briefly outline some difficulties and alternatives. 

A driving X selects for driving autosomes. The evolutionary trajectory is 
imagined to begin with a driving X chromosome, like those found in other 
dipterans (see Chap. 3). But instead of the autosomes evolving to sup- 
press the driving X, they evolve to drive with the X. The natural set of chro- 
mosomes to drive is maternal. They are the first to dwell in the new cyto- 
plasm, itself maternally supplied. The arriving paternal chromosomes can 
be marked or "imprinted" for later preferential treatment (e.g., ejection from 
gametes). The only surprise perhaps is that the imprint should be retained 
throughout life, despite robust paternal genome expression. But, as we shall 
see, there is also a genetic bias that could bridge this gap: in males the soma 
contains only a maternal X. Thus, from early on there is a cytoplasmic bias 
in favor of maternal genes and a genetic bias predisposed in the same direc- 
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tion. It would be interesting if X chromosomes were especially likely to har- 
bor genes biasing the cytoplasm toward maternal interests. 

The female-biased sex ratio selects for maternal control. With X drive 
now accompanied by autosomal drive and no Y standing in the way, the sex 
ratio is expected to become female biased. Mothers are then selected to con- 
trol the sex ratio, or at least to increase the number of males they produce. A 
plausible means is suggested by the current X chromosome constitution of 
somatic cells: females have both Xs and males only the maternal. It is easy 
to imagine a gene that converts females into males by engineering the elimi- 
nation of the paternal X in somatic cells. 

The doubling of the maternal X by nondisjunction in spermatogenesis, 
followed by its early elimination in the embryo, is puzzling even if we imag- 
ine their system to be a vestige of an earlier sex ratio conflict. Haig notes 
that PGL selects for males to produce daughters (because sons are an evolu- 
tionary dead end for their genes), and that inclusion of an extra X chromo- 
some in each sperm might help accomplish that. In eggs that would nor- 
mally develop into males, by eliminating 1 X from the soma, the trick might 
just work, if the rule was "eliminate 1 paternal X" (rather than "eliminate all 
paternal Xs"). But in order for the strategy to be selected, the sex ratio must 
be male biased, so the advantage of converting what would normally be 
sons into daughters outweighs the cost of converting what would normally 
be fertile daughters into XXX aneuploids that would probably be lethal or 
sterile. 

Xs evolve into Ls. Haig argues that L chromosomes evolved from X chro- 
mosomes. Once paternal genome loss is in place, a paternal chromosome 
that resisted exclusion from the germline would normally generate an indi- 
vidual with 3 homologous chromosomes instead of 2. This kind of aneu- 
ploidy is usually fatal. X chromosomes, however, will tolerate aneuploidy 
whenever there is a process in place in which all but a set number of Xs (1 or 
2) is eliminated from the soma— for example, as in the rule "delete all pater- 
nal Xs" (assuming meiosis is normal in females). 

Such a process permits the following kind of story to be told. Imagine a 
mutant X* that in males resisted elimination when paternal, so sperm were 
XX* instead of X. (This is before the evolution of maternal X nondisjunc- 
tion in spermatogenesis and subsequent ejection in the offspring.) Daugh- 
ters are inviable because they are aneuploid (XXX*), but in males both 
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paternal Xs are eliminated from soma and they are viable, with XXX* germ- 
lines. Because Sciara tolerates germline aneuploidy, offspring inherit a pater- 
nal X* and maternal X, with the paternal X marked for elimination. 

X* now acts as a sperm-borne pathogen that kills daughters and is trans- 
mitted from father to son. If it stays in the male line, it is destined to disap- 
pear. But if it manages to lose whatever functions cause female aneuploid 
inviability before its disappearance, it could persist. Initial success in fe- 
males will select for increased rates of loss of function. And it will be se- 
lected for exclusion from the female soma, with all elements agreeing on the 
benefit of such action. 

In short, an X has now evolved into an L, showing drive in males, normal 
segregation in females, and elimination from the soma in both sexes. But 
the evolution of L chromosomes brings new selection pressures on the sex 
ratio. Because they drive more in males than in females, they are expected to 
bias the sex ratio toward sons. This is the first time in the evolution of the 
system in which an element favors a male-biased sex ratio and, unimpeded, 
the sex ratio is expected to reach equilibrium at 2:1, assuming twice the 
propagation of Ls through males as through females. But any male bias se- 
lects for countermeasures by the autosomes and the X. One such counter- 
measure is monogenic egg production. 

The existence of Ls selects for monogenic (single sex) reproduction. 

Imagine a mutant X chromosome, X', which resists the action of the Ls and 
causes itself to produce only female-determining eggs. Such an X will spread 
because females enjoy higher reproductive success when the sex ratio is 
male biased. The spread of this gene, in turn, favors regular Xs that produce 
more sons when XX. The system should rapidly stabilize at 50% XX' fe- 
males that produce only daughters and 50% XX females that produce only 
sons. Note that X' never appears in males and, thus, is expected to lose male 
functions. When X'O males are of low viability, there is no longer any selec- 
tion for autosomes to reverse the action of X' because this would result in 
the production of low-viability males, an effect that should help stabilize 
the monogenic system further. 

The key assumption is that the L chromosome evolves to control the sex 
ratio, thus favoring the monogenic counterstrategy. L chromosomes may 
more easily evolve control of the sex ratio because, being germline-limited, 
there is no negative pleiotropic covariation with other phenotypic traits. A 
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mutant gene on a regular sex chromosome causing a sex ratio effect may 
very well sacrifice the gene's original phenotypic benefit or have some other 
negative phenotypic effect, while no such effect burdens the spread of novel 
sex ratio mutants on the L. An entire chromosome is free to evolve narrow 
genetic functions with little or no constraint from pleiotropic phenotypic 
effects. 

Predictions. Haig's theory makes a number of mechanistic predictions, in- 
cluding: there is a distant homology between X and L chromosomes; Ls 
compete with each other for retention in the germline; multiple indepen- 
dent elements (and not a single locus) control the primary sex ratio; elimi- 
nation of paternal chromosomes in spermatogenesis is caused by expression 
of maternal genes; the imprint of paternal chromosomes is established af- 
ter—rather than before— fertilization; the elimination of paternal X chromo- 
somes is controlled by the expression of L chromosomes; and this effect is 
suppressed in the oocytes or nurse cells of XX' females. 

There is very little evidence on these predictions. That Ls came from Xs is 
consistent with the fact that in the first spermatocyte the L remains con- 
densed and heteropycnotic (Metz 1938), just as do the sex chromosomes in 
many species. Likewise, the mechanism of L elimination— failure of sister 
chromatids to separate— appears to be the same as for somatic X elimination. 
Sciara also has 2 species that lack Ls entirely {ocellaris and reynoldsi), and 
these show no evidence of the XX, XX' system of monogenic reproduction 
assumed to evolve in response to Ls (Metz and Lawrence 1938). Sex ratios in 
ocellaris are digenic, while those of reynoldsi appear to be a mixture of di- and 
monogenic. 

Difficulties and alternatives. As Haig (1993d) is the first to admit, his story 
is a post-hoc attempt to fit theory to the facts that goes well beyond the 
available facts and permits many alternative scenarios not yet explored. Yet 
it is the first argument of any sort to explain the evolution of an extremely 
aberrant genetic system, itself apparently made up of a variety of selfish ge- 
netic elements. Especially striking are arguments that link the evolution of 
one subsystem to another, as in: X drive -» L chromosomes -» monogenic 
eggs. But there are many steps left unexplained. For example, it is not obvi- 
ous how, mechanistically, a driving X chromosome can be "joined" by the 
maternal autosomes. Paternal genome loss may instead have evolved di- 
rectly, as we hypothesized earlier for the simpler PGL systems. Also, Ls 
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could easily have evolved from standard B chromosomes rather than from 
Xs, a possibility that removes the difficulties of aneuploidy. It is also easy to 
imagine that bacterial endosymbionts played a leading role in the evolution 
of the system (Normark 2004). Bacterial endosymbionts are associated with 
monogeny in wood lice (Armadillidium spp.; Rigaud et al. 1997). 

Further progress will clearly require much more empirical work, both evo- 
lutionary and mechanistic, on the species concerned. It is also worth em- 
phasizing that, regardless of how exactly the system evolved, there are abun- 
dant opportunities for conflict in the extant species. Autosomes, Xs, and Ls 
all have different patterns of inheritance, and so different optima regarding 
sex ratios and behavior toward kin. Investigations into these current con- 
flicts have barely begun. 



Mechanisms 

Little is known about the mechanisms underlying the sciarid chromosomal 
system. In particular, almost nothing is known at the molecular level. We 
provide a review of the major findings for each of the genetic elements in 
this section. 

Elimination of 1 of the 2 paternal Xs in embryonic germline tissue. In 

most cases of chromosome elimination (certainly paternal genome loss), 
elimination is achieved by a failure to pair at the metaphase plate or the 
pulling into a dead-end corner by filaments attached to a nongenerative 
pole. By contrast, the disappearance of 1 of the 2 paternal Xs from the 
primordial germ cells of both sexes occurs in a most unusual way, with 1 
X moving quickly toward the nuclear membrane; becoming attached, en- 
gulfed, and evaginated; and reappearing as a vesicle in the cytoplasm, a lone 
chromosome surrounded by a double membrane (Perondini and Ribeiro 
1997 and references cited therein). Noteworthy is the complete absence of 
spindles. Instead, there is clear evidence that the membrane is primed for re- 
generating itself: ribosomes on the membrane become numerous near the 
point of attachment, and endoplasmic reticulum and mitochondria are fre- 
quent in the nearby cytoplasm. All 3 are used to regenerate membranes. The 
transformation from independent nuclear chromosome to cytoplasmic vesi- 
cle takes about 3 hours, and higher temperature leads to quicker transfor- 
mation. 
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Paternal X elimination in somatic tissue. Elimination of paternal Xs from 
somatic tissue (1 lost in females, 2 in males) proceeds by a different mecha- 
nism than elimination in the germline (de Saint Phalle and Sullivan 1996). 
The first abnormality shown by a soon-to-be-eliminated X is a failure of sis- 
ter chromatids to separate. The chromatids separate at the centromeres and 
the telomeres but remain attached along a region of the long arm of the X. 
The centromeres remain attached to the spindle apparatus and under ten- 
sion at the metaphase plate, stretched in opposite directions so, if one cen- 
tromere should become detached, the entire complex would migrate to the 
opposite pole. This work also confirmed classic findings that the process re- 
quires a m-acting region of the X chromosome, near the centromere, known 
as the "controlling element" (Crouse 1960). If this region is translocated to 
an autosome, the autosome is eliminated in embryos when it is of paternal 
origin. As in regular X-elimination, this elimination is due to the failure 
of the long arms of the autosome to separate. The controlling element is 
in the region of the proximal X heterochromatin that contains most of S. 
coprophila's rDNA repeats (Crouse 1979). Perhaps this location is important: 
it has recently been shown in yeast that rDNA separates later in mitosis than 
other genomic regions and that its separation depends on a different mecha- 
nism than is used by much of the rest of the genome (D Am ours et al. 2004, 
Sullivan et al. 2004). For unknown reasons, Xs are eliminated earlier in 
males than in females. The elimination occurs in cycles 7, 8, and 9 in males 
and almost exclusively in cycle 9 in females. 

Sanchez and Perondini (1999) have developed a model for sex determina- 
tion in sciarids based on control of X chromosome elimination. They argue 
that the evidence is best accommodated by assuming a 2-factor system in 
which a chromosomal factor interacts with the X chromosomes causing 
their elimination. A maternal factor, in turn, regulates the chromosomal fac- 
tor and maternal imprint of chromosomes makes them impervious to the 
chromosomal factor. 

Elimination of the Ls. L chromosomes are eliminated from somatic cells 
during the fifth cell cycle. Virtually nothing is known about the process ex- 
cept that, as in X elimination, L sister chromatids fail to separate on the 
metaphase plate (de Saint Phalle and Sullivan 1996). It would not be surpris- 
ing if this failure were controlled by an element on the L, because the L 
would benefit from its own somatic exclusion. 
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Paternal genome loss in spermatogenesis. Paternal chromosome elimina- 
tion in S. copropbila has been described in a series of papers by Metz (sum- 
marized in Metz 1938). The process appears to be the same in related spe- 
cies (Esteban et al. 1997). A monopolar spindle is formed in meiosis I (that 
is, spindles radiate out from a single centrosome), the chromosomes remain 
scattered and fail to pair, and they are not oriented in a metaphase-like array. 
Maternal chromosomes move toward the single pole while paternal chro- 
mosomes attach to the spindle and move in the opposite direction into a cy- 
toplasmic bud to be eliminated (Kubai 1982). Because the spindles from the 
pole extend all the way to the nongenerative side and because they attach to 
the paternal chromatin cluster and their microtubules interact with kineto- 
chores of paternal chromosomes, it has been speculated that they are in- 
volved as much in taking the paternal chromosomes away as they are in 
drawing the maternal chromosomes to the pole (Kubai 1982, Esteban et al. 
1997, Fuge 1997). While maternal chromosomes are drawn to the pole, with 
the centromeres leading, the reverse is the case with paternal chromosomes, 
which often move as if the ends are being pulled toward the nongenerative 
side— in other words, their centromeres lag (Abbott et al. 1981). Filaments 
are found where the paternal chromosomes end up, but they are not ori- 
ented in an astral shape, and they contain both actin and myosin (Esteban 
etal. 1997). 

How these traits may interact with any imprints applied to the paternal 
chromosomes is obscure. Some evidence suggests that relative histone acet- 
ylation may play a major role in chromosomal imprinting (Goday and Ruiz 
2002). In early germ cells, the paternal chromosomes are highly acetylated 
on histones H3 and H4. An exception is the paternal X that is eliminated 
from germ nuclei. At later stages, before the beginning of gonial mitoses, 
both sets of chromosomes show high levels of H3/H4 acetylation; but in 
male meiosis, only the maternal chromosomes are highly acetylated. The 
paternal set that is eliminated appears to be underacetylated. 

Maternal X nondisjunction in male meiosis II. In the second meiotic di- 
vision in males, the spindle is bipolar, but while the maternal autosomes 
and L chromosomes align on the metaphase plate, the maternal X is already 
near one pole. For autosomes and Ls, the sister chromatids segregate to op- 
posite poles, but both X chromatids go to the same pole. The chromosomes 
at this pole are incorporated into the functional sperm, and the chromo- 
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somes at the other pole are discarded in a secondary bud. This nondis- 
junction and accumulation of the maternal X at male meiosis appears to in- 
volve the same cw-acting controlling element as nondisjunction and loss of 
paternal Xs in somatic cells (Crouse 1960). 

PGL in Gall Midges 

Like the Sciaridae, the Cecidomyidae (gall midges) are a family of dipteran 
insects with highly unusual chromosome systems. It is not yet clear whether 
the 2 families are closely related. Perhaps the best-studied case is the Hessian 
fly Mayetiola destructor. It shares with the sciarids a suite of traits. It has 
germline-limited chromosomes (Es for "eliminated"), paternal genome loss, 
and monogenic broods in which the sex of offspring is determined by ma- 
ternal genotype (Hatchett and Gallun 1970, Stuart and Hatchett 1988). 
There is somatic elimination of XiX 2 in males (presumably the paternal 
pair). The E chromosomes are necessary only for fertility (Bantock 1961). 
That they should acquire fertility genes— or have such effects— is not surpris- 
ing: they are only found in germinal cells and they are so much more nu- 
merous than the somatic chromosomes (28 vs. 8 in M. destructor) that their 
absence could easily impede normal meiosis. Unlike L chromosomes, E 
chromosomes are eliminated in spermatogenesis and have predominantly 
maternal inheritance (White 1973). 

Hybridogenesis, or Hemiclonal Reproduction 

In hybridogenesis, individuals from 2 species mate to form a hybrid that is 
fertile but only transmits the haploid genome of one parent— the other hap- 
loid genome is discarded during gametogenesis. Thus haploid genomes 
from the donor species can invade the recipient host species. Often the hy- 
brids are of one sex only (female), and so the system amounts to mother- 
daughter transmission of an entire haploid genome with the other half bor- 
rowed anew each generation and then discarded. Thus the system is also 
called hemiclonal reproduction: offspring are produced that combine a usu- 
ally invariant maternal genome (hemiclone) with a recombinant, sexual pa- 
ternal genome. 

Hybridogenesis is best known from the fish Poeciliopsis, the frog Rana 
esculenta, and the stick insect Bacillus (Table 10.3). It is also known in the Ibe- 
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Table 10.3 Key features of hybridogenetic species 


Feature 


Poeciliopsis 


Rana 


Bacillus 


Wi thin-species 


Impossible (no males) 


Possible between hemiclones; 




mating 




mostly inviable within 
hemiclones 




Males 


Absent 


Regular but low sperm 
quality and unattractive 


Rare and sterile 


Fi hybrids of 


Mostly inviable 


Often better than either 




parental species 




parental species (and the 
existing hybridogens) 




Cross to one's own 


Inviable, or severely 


Usually viable 


Completely viable 


sexual species 


disabled and sterile 




and fertile 


Age of hemiclone 


120,000 generations 


Recent (?) 


Recent 



rian fish Rutilus (— Tropidophoxinellus) alburnoides, but it has barely been 
studied there (Carmona et al. 1997, Alves et al. 1998). A possible case of 
incipient hybridogenesis is found in a midge (Polukonova and Belianina 
2002). We begin with Poeciliopsis, which was the first case to be studied in 
some detail. 

The Topminnow Poeciliopsis 

Poeciliopsis is a genus of small freshwater fish (Box 10.1). Crosses of P. 
monacha X P. lucida occasionally produce offspring that survive to maturity 
and are fertile (Schultz 1973). Due to some unknown peculiarity of sex de- 
termination, these are all females, and so F2 progeny cannot be produced. 
But if these hybrid females are backcrossed to lucida males, a striking result 
is observed: the offspring are no more lucida-like than the Fi hybrids (re- 
viewed in Schultz 1977). One can repeat this backcross for as many genera- 
tions as one wishes, and still the monacha traits are not diluted out. The im- 
plication is that the hybrid females only pass on the monacha genome in 
their eggs and exclude the lucida genome, and this conclusion has been con- 
firmed with allozyme polymorphisms— in each case, hybrids only trans- 
mit the monacha allele, not the lucida allele. Very much the same observa- 
tions also apply to crosses of a P. monacha female X P. occidentalis male- 
all the progeny are female and they only pass on the monacha genome 
(Wetherington et al. 1987). Or, crossing a P. monacha-lucida hybrid female X 
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P. occidentalis male produces a monacha-occidentalis hybrid, with complete re- 
placement of the lucida genome. (The reciprocal crosses, of P. lucida or P. 
occidentalis female X P. monacha male, have never been successful; Schultz 
1977.) 

Cytological studies of oogenesis in these hybrid females indicate that at 
some point there is a mitosis with a monopolar spindle, to which only the 
monacha chromosomes attach; the others are lost in the cytoplasm (Cimino 
1972). There is no synapsis of homologs and no crossing-over. This aberrant 
mitosis is followed by an abbreviated 1-step meiosis, in which the monacha 
chromatids separate into chromosomes. The monacha genome is thus a driv- 
ing haplotype. If introduced into a P. lucida or P. occidentalis (or P. latidens; 
Schultz 1977) population, then it will be transmitted intact from mother to 
daughter, analogous to a driving Y chromosome in a female-heterogametic 
species. 

The ranges of the 2 host species, P. occidentalis and lucida, do not overlap, 
and each one has a very narrow zone of overlap with P. monacha, which is 
currently restricted to the headwaters of just 3 river systems. The frequency 
and diversity of monacha-occidentalis hemiclonal females is much higher where 
occidentalis and monacha overlap and can hybridize (Vrijenhoek 1979, Angus 
1980, Quattro et al. 1992). By contrast, streams with low clonal diversity are 
thought to be derived from a single hybridization event. The frequency of 
monacha-lucida hemiclones is less variable, with hybrid females found al- 
most everywhere that lucida is found. 

In principle, the driving monacha hemiclone has a 2-fold fitness advan- 
tage over occidentalis or lucida genotypes, and so it might be expected to in- 
crease in frequency and go to fixation, at which point it would drive both 
the host species and itself extinct. As with driving sex chromosomes, there 
must be some countervailing frequency-dependent selection pressure pre- 
venting it from going to fixation. In Poeciliopsis, the dominant force ap- 
pears to be the strong avoidance of hybrid females by lucida or occidentalis 
males. Laboratory mate choice experiments show that male lucida have a 
great reluctance to mate with monacha-lucida females (which should not be 
surprising, because the hybrid is an evolutionary dead end for their genes; 
McKay 1971). Furthermore, this mate choice seems to produce the sort of 
frequency-dependent effects that would keep hemiclones at an intermediate 
frequency. Field collections show that the probability of a hybrid female be- 
ing pregnant (i.e., having successfully mated) decreases as the relative fre- 
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BOX 10.1 

Poeciliopsis 

This is a genus of about 20 species offish found in Pacific drainages 
from the southern United States to Colombia and in Atlantic 
drainages from southern Mexico to Honduras. Adults are typically 
2-5 cm long and are omnivores. As with other members of the 
Poeciliidae (including guppies, killifish, platyfish, swordtails, 
topminnows, and mollies), there is internal fertilization and live 
birth (males have an intromittent organ called a gonopodium). 
Poeciliopsis females usually carry 2-3 separate broods at different 
stages of development at any one time ("superfetation"), possibly 
fathered by different males. In P. monacha there is no obvious 
postfertilization transfer of resources from mother to zygote, which 
instead lives off of yolk supplies ("lecithotrophy"); in all other spe- 
cies there is such resource transfer across a placental barrier 
("matrotrophy"). The genetics of sex determination are not well un- 
derstood: there are no obvious sex chromosomes and within the 
family Poeciliidae there are species with male heterogamety, female 
heterogamety, and a mixture of the two. As well as diploid sexual 
and hemiclonal taxa, there are also triploid asexual, all-female taxa 
that must mate with a sexual male in order for development to be- 
gin ("gynogenesis" or "pseudogamy"). From Meffe and Snelson 
(1989). 



quency of hemiclonal females increases (Fig. 10. 2A). In addition, there ap- 
pears to be a "rare hemiclone" advantage in attracting males, which would 
contribute to the maintenance of hemiclonal diversity within a single site 
(Keegan-Rogers 1984). 
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If the only fitness differences between sexual and hemiclonal females are 
the 2-fold drive and the probability of being pregnant, simple calculations 
show that the equilibrium frequency of hemiclones should be about 85% 
(Moore 1976). In fact, the frequency of hemiclones is usually less than this 
(Fig. 10.2B), indicating some other, additional cost of hemiclonal reproduc- 
tion (e.g., more intense competition or mutational degeneration). And male 
mate choice is probably not the only factor preserving stability (and as 
we shall see, it apparently does not act at all in the parallel case of Rana 
esculenta). Ecological differences also exist between sexuals and hemiclones 
that could allow "niche partitioning" (Weeks et al. 1992). This means that 
competition among sexuals, or among hemiclones, is more intense than 
that between sexuals and hemiclones, and this competition also gives the re- 
quired frequency-dependent selection. Something like this may also con- 
tribute to the coexistence of multiple clones in a single locale. 

Hemiclones and P. monacha. What happens in the zone of overlap with P. 
monachal One possibility is that, in this zone, hemiclonal hybrid females 
are constantly being produced and these females often mate with monacha 
males to produce normal monacha progeny— that is, that a substantial frac- 
tion of the monacha gene pool is transmitted through hemiclonal hybrid fe- 
males. If this were the case, one would expect selection in the monacha gene 
pool for genes that increase hybrid fitness, and monacha genotypes from the 
hybrid zone should produce fitter hybrids than those from outside the hy- 
brid zone. Furthermore, if the hybrids were sufficiently fit, one might ex- 
pect both hybrid females and monacha females to prefer to mate with lucida 



Figure 10.2 Frequency-dependent selection and distribution of Poeciliopsis monacha- 
occidentalh. A. The probability of sexual and hemiclonal females having mated and be- 
ing pregnant is plotted as a function of the frequency of hemiclonal females. Each 
point is a different natural population. Note that the probability of a hemiclonal female 
being pregnant is more sensitive to an increase in hemiclonal frequency than is the 
probability of a sexual female being pregnant; this difference tends to stabilize the fre- 
quency of hemiclonal females at an intermediate equilibrium. B. Frequency of 
hemiclonal females in different populations, and the average for each river system (Q_). 
Note that in most populations the frequency is less than the 85% expected from the dif- 
ference in probability of being fertilized. Adapted from Moore (1976). 
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or occidentalis males rather than monacha males because their genes would 
get a transmission advantage in the progeny. At the limit, we might expect 
all hybrid and monacha females to mate with lucida or occidentalis males, and 
monacha itself might go extinct, leaving only the hemiclonal hybrids and the 
host species. 

It is not clear how much opportunity there has been for such selection. 
The zone of overlap between monacha and either lucida or occidentalis is very 
narrow and has been little studied. What we do know can be summarized as 
follows. Allozyme and mitochondrial RFLP studies show that hybridogene- 
tic females arose more than once. This is particularly well supported for 
monacha-lucida hemiclones (Quattro et al. 1991). However, the success rate 
of hybridization is low, even in the lab. Only 30% of monacha X occidentalis 
crosses give at least 1 surviving progeny, and only 7°/o of monacha X lucida 
crosses do (Schultz 1973, Wetherington et al. 1987). Thus hemiclones may 
not arise frequently, even in areas of overlap. At least in monacha X lucida 
crosses, mortality is mainly due to the fact that monacha eggs and embryos 
are much larger than those of lucida (5.6 vs. 1.4mm 3 ) and hybrid embryos, 
which are intermediate in size, have not used up all the yolk provided by the 
monacha mother by the time they are born, and so the heart ends up outside 
the body. This is not a problem for hybrid progeny of hybrid females, be- 
cause they provide an intermediate amount of yolk. Why the reciprocal 
cross (lucida female X monacha male) is never successful is not known. 

Hemiclonal decay? Though it is clear that hemiclonal reproduction can be 
ecologically successful over the short term, it is not clear that individual 
clones are very successful on an evolutionary timescale. Because hemiclones 
are transmitted intact, with no recombination, natural selection does not 
work as efficiently on them as on normal, sexual gene pools. Hemiclones 
are not expected to adapt as rapidly as sexual species to changes in the envi- 
ronment, nor to purge themselves of deleterious mutations as efficiently, 
and for both reasons might be expected to degenerate over evolutionary 
time and go extinct (in the same way that obligately asexual taxa go ex- 
tinct; Burt 2000). Several observations are consistent with mutational de- 
generation (Vrijenhoek 1984). Many naturally occurring hemiclones cannot 
mate successfully with monacha males: of 12 monacha-lucida and 2 monacha- 
occidentalis hemiclones tested, only 7 gave viable progeny (Leslie and 
Vrijenhoek 1980). By contrast, hemiclones generated in the laboratory do 
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give viable progeny on crossing with monacha males, though unfortunately 
only 2 have been studied (Vrijenhoek 1984). Similarly, monacba-lucida X 
monacha hybrid males, when backcrossed to monacha-lucida females, pro- 
duce very few offspring (Leslie and Vrijenhoek 1978). In addition, some 
hemiclones have silenced enzyme alleles (Spinella and Vrijenhoek 1982). 

All these observations are consistent with mutational decay, though it is 
difficult to exclude the possibility that these features have evolved as a by- 
product of adaptation to hemiclonal reproduction. For example, selection 
on hybrid females to mimic lucida or occidentalis females, and so increase 
mating success, might conceivably select for the silencing of monacha genes 
(Vrijenhoek 1984). And hemiclonal decay, if it does happen, can be slow: 
the monacha-occidentalis clones that are thought to have colonized the 4 
most northerly river systems are estimated, from mitochondrial divergence 
within the clones, to be about 60,000 years old (about 120,000 generations; 
Quattro et al. 1992). 

Table 10.3 summarizes key reproductive parameters for the 3 systems of 
hybridogenesis. What is noteworthy for Poeciliopsis is the degree to which 
the monacha hemiclone becomes isolated after it becomes part of the P. 
monacha-lucida hybridogen. No males are produced, matings with itself are 
fatal or soon become so, and new clones probably enter relatively infre- 
quently. These factors should increase the importance over time of pro- 
cesses of hemiclonal decay. 

The Water Frog Rana esculenta 

The European water frog Rana esculenta is a hybrid of R. ridibunda and R. 
lessonae. It can breed with either parental species, but over a large section of 
Europe it coexists with only one parental species, R. lessonae (reviewed in 
Vorburger 2001a). Unlike Poeciliopsis, both sexes occur in R. esculenta and 
in both sexes only the ridibunda genome is transmitted to subsequent gen- 
erations. The lessonae genome is eliminated during gametogenesis, before 
premeiotic DNA synthesis. The R. ridibunda genome then undergoes redu- 
plication and after meiosis is passed unchanged into gametes (Vinogradov et 
al. 1990). 

Although both sexes of R. esculenta are common, females appear to be 
more successful than males (Graf and Polls-Pelaz 1989). Low reproduction 
of R. esculenta males partly reflects female choice against them in favor of R. 



411 



GENES IN CONFLICT 



lessonae males. Indeed, both species favor R. lessonae males— at long range 
(frog calls) and in response to amplexus (decreased clutch size; Reyer et al. 
1999, Roesli and Reyer 2000). In addition the sperm of R. esculenta males are 
ejaculated in smaller numbers and are less competitive in mixed ejacula- 
tions (corrected for density) than are sperm of the other species (Reyer et al. 
2003). Testes of R. esculenta males are smaller, often of abnormal structure 
and with fewer spermatogonia, which take longer to mature (Ogielska and 
Bartmanska 1999). Matings between R. esculenta typically produce only fe- 
males (consistent with the Y chromosome of males usually being derived 
from R. lessonae and therefore lost). These females have R. ridibunda geno- 
types, so recombination between clones in such females may occur (but 
has not yet been demonstrated; Vorburger 2001c). And R. esculenta X R. 
ridibunda matings lead to balanced, viable young, again allowing recombi- 
nation before returning to asexual, hemiclonal life in R. esculenta (Schmidt 
1993). 

Although females are choosy, males do not appear to be (Engeler and 
Reyer 2001). This is surprising, because mating with R. esculenta females is a 
genetic dead end for R. lessonae males, just as it is for P. lucida male fish, 
which are highly discriminating (McKay 1971). Engeler and Reyer argue that 
the anomaly can be explained by male preference for larger, more fecund fe- 
males within his own species. Female R. esculenta are larger than R. lessonae, 
perhaps confusing the males with an apparent offer of higher fecundity. 

There is clear evidence of hemiclonal decline, in the form of deleteri- 
ous recessives that are more than offset by strong heterotic benefits from hy- 
bridization (Hotz et al. 1999, Vorburger 2001a). If individuals within a R. 
esculenta clone mate with each other, all progeny are usually inviable, perish- 
ing early in larval life. This mortality presumably reflects the accumulation 
of deleterious, recessive alleles in a local, asexually reproducing population. 
By contrast, matings between members of different clones, for example, 
from different geographic regions, often give viable young, suggesting that 
in isolation they have accrued a different set of lethal recessives (Vorburger 
2001b). Alternatively, the initial instantaneous formation of separate strains 
may have isolated differing sets of recessive lethals. Different hemiclones 
also appear to evolve adaptations to the local, outgroup males. In experi- 
mental crosses between frogs from two different regions, within-population 
matings between R. esculenta females and R. lessonae males produce larger 
frogs at metamorphosis than do between-population matings (Semlitsch et 
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Figure 10.3 Fitness-related parameters as a function of food levels for 4 kinds ofRana 
crosses. Percentage survival and growth rate until metamorphosis (in mg/day) as a func- 
tion of low or high food availability for the following crosses: Fj = first-generation hy- 
brid R. ridibunda X R. kssonae; EL = natural hybrid lineages, R. esculenta; LL = R. 
lessonae; and RR = R. ridibunda. Note that first-generation hybrids shows superior per- 
formance compared to either parental strain. Adapted from Hotz et al. (1999). 



al. 1996). At the same time, clonal variation is locally selected because mix- 
tures of clones outperform monoclones (Semlitsch et al. 1997). 

The success of R. esculenta may have 3 causes: heterosis, a broader niche, 
and a specialized niche. Perhaps most importantly, R. esculenta shows strong 
heterotic effects. For example, individuals of this species are superior to ei- 
ther R. ridibunda or R. lessonae in a variety of larval life history traits, such as 
survival, growth rate, and early age of metamorphosis (Hotz et al. 1999). Es- 
pecially striking is the fact that first-generation hybrids show greater hetero- 
sis than established ones (which presumably show some hemiclonal decay; 
Fig. 10.3). Poeciliopsis is the complete opposite. New hybrids between P. 
lucida and P. monacha are usually inviable. 

The weaker, more general heterosis of later-generation R. esculenta appears 
largely to be behavioral. That is, growth efficiency is not heterotic in R. 
esculenta but is intermediate between the 2 parental species. The growth ef- 
fect seems to be mediated through increased feeding time and consumption 
(Rist et al. 1997). In addition, several studies have shown that R. esculenta has 
a wider environmental tolerance than does R. lessonae. Especially in harsh 
environments, such as low food, high larval density, or the presence of agri- 
cultural chemicals, it does better than the parental species (reviewed in 
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Negovetic et al. 2001). This may reflect heterosis as well as selection to oc- 
cupy a broader niche. Finally, there is evidence for strong niche segregation, 
at least by water temperature and oxygen levels. As measured by survival 
and body mass at metamorphosis, R. esculenta performs much better at 
lower temperatures, while R. lessonae does better at higher (Negovetic et al. 
2001). For unknown reasons, R. esculenta females appear to be relatively 
more numerous where there is less variation in water temperature (Peter et 
al. 2002). R. esculenta is intermediate between the other 2 species in the 
breeding habitat they occupy (Pagano et al. 2001), itself characterized by in- 
termediate levels of oxygen (Plenet et al. 2000). In dispersal behavior, R. 
esculenta falls exactly between the parental species (Peter 2001). The ability 
of the 2 genomes in R. esculenta to work together to produce such a superior 
product is especially striking because they differ so much in genome size: R. 
ridibunda' s genome is 16% larger than that of R. lessonae (Vinogradov and 
Chubinishvili 1999). 

The hybridogenetic drive of ridibunda genotypes may be an important 
feature in the success of introduced R. ridibunda, which have replaced the 
native R. esculenta and R. lessonae in several areas of central Europe (Vorbur- 
ger and Reyer 2003). The R. ridibunda frog can breed with both native spe- 
cies, producing R. esculenta offspring with R. lessonae, and R. ridibunda with 
R. esculenta. Matings between hybrids are, in turn, viable because they are 
unlikely to share the deleterious mutations that characterize the ridibunda 
portion of the R. esculenta genome. 

It is noteworthy that 2 Balkan species of Rana (shqiperica and epeiroticd) 
form natural hybrids with R. ridibunda, but these fail to show genome exclu- 
sion (Guerrini et al. 1997). This could reflect a weakness in the local R. 
ridibunda genome, but even when the males are imported from regions 
where they do induce genome exclusion in local hybrids, they fail to induce 
exclusion of the Balkan genomes. Whether this resistance is an evolved ca- 
pacity or a preexisting condition is unknown. 

In summary, R. esculenta provides a clear case of a species in which a ge- 
nome gains an immediate benefit in transmission that is then augmented by 
the advantages of outbreeding with a closely related species. By parasitizing 
a bisexual, closely related species every generation, the ridibunda genome 
enjoys a largely asexual (or hemiclonal) life without suffering the usual 
costs. 
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The Stick Insect Bacillus rossius-grandii 

Two strains of hybridogenetic stick insects are found in Sicily (reviewed in 
Tinti and Scali 1993). Males are rare and sterile (due to severely impaired 
gametogenesis). The hybridogenetic females transmit only their rossius genes, 
discarding the grandii genome. Contrary to earlier conclusions (Tinti and 
Scali 1992), recent work shows that genome loss occurs before meiosis in 
Bacillus, just as it does in Poeciliopsis and Rana (Marescalchi and Scali 2001). 
This loss requires an extra round of DNA replication during meiosis in or- 
der to produce hemiclonal eggs after 2 cytologically normal meiotic divi- 
sions. As we will see, the species also shows androgenesis: in as many as 20% 
of a female's progeny, both sons and daughters, all genes arise from the 
syngamy of 2 sperm nuclei (Mantovani and Scali 1992, Tinti and Scali 
1992). 

Bacillus is also unusual in that hybridogens coexist with parthenogens, B. 
whitei, formed from the same 2 parental species (in each case with B. rossius 
acting as the female parent; Mantovani et al. 2001). The evidence suggests 
that the hybridogenetic species may have given rise to the parthenogenetic 
one. On the one hand, the peculiar features of egg maturation are shared by 
the hemiclonal and clonal eggs (Scali et al. 1995). On the other hand, 
hybridogenetic female B. rossius-grandii occasionally produce parthenogens. 
The reason for the extraordinary genetic diversity within Bacillus is com- 
pletely unknown. What is certain is that it provides unusual opportunities 
for genomes to cycle between the various systems. 

Evolution of Hybridogenesis 

The evolutionary origins of hybridogenetic drive are unknown. That is to 
say, while we know that it arises by hybridization, we do not know any- 
thing about the differences between species that give rise to genomic exclu- 
sion in Fi hybrids, and how those differences evolved. Perhaps hybrido- 
genesis reflects coevolution between the mitotic machinery as expressed in 
premeiotic cells and CH-acting sequences at centromeres. Also, many selfish 
genetic elements are manifest only in population or species hybrids (e.g., 
driving sex chromosomes and cytoplasmic male sterility; see Chaps. 3 and 
5). We wonder, then, whether some driving selfish genetic element has 
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swept through P. monacha, or R. ridibunda, or B. rossius, and has now gone to 
fixation in those species, and the only evidence for it is in species hybrids, 
when introduced into a population in which it has not spread. The alterna- 
tive would be that some other sort of genetic change has swept through one 
species or another, due to conventional natural selection, and the behavior 
in hybrid genotypes is only an accident or coincidence. It will be interesting 
to find out. 

Androgenesis, or Maternal Genome Loss 

"Perhaps it is just a matter of time before someone discovers (or invents in 
the laboratory) an all-male species. It makes diploid sperm that inseminate 
eggs of a related species and give rise to diploid nuclei that exclude the egg 
pronuclei. The exclusively sperm derived genes then direct the development 
of a male animal with the father's genotype" (Williams 1988, 294). 

Among the most bizarre genetic systems ever to have evolved are those in 
which only paternal genes are passed on even though the female or female 
tissue does all the parental investment. Androgenesis is unusual in display- 
ing a form of selfish action that was predicted to exist before actually be- 
ing reported. It is now known from 3 groups of organisms (McKone and 
Halpern 2003) and typically occurs within a species, but may also occur be- 
tween species, as Williams imagined. Two of the cases, a conifer and several 
clam species, are hermaphroditic. This characteristic, as we shall see, may 
both facilitate the evolution of androgenesis and make subsequent extinc- 
tion less likely. The third group, stick insects, is dioecious, and androgenesis 
occurs only in relatively infrequent hybrid, triploid forms. One of the 2 her- 
maphroditic cases, the conifer, is a very rare species and we begin with it. 

The Conifer Cupressus dupreziana 

C. dupreziana is a very rare, hermaphroditic conifer, confined to a section of 
a desert in Algeria (Pichot and El Maataoui 2000). Only 231 individuals 
were alive in 1970 (Pichot et al. 2001). It reproduces by androgenesis, that is, 
diploid pollen provides all of the nuclear genes for the next generation. 

Androgenesis occurs in the following way. Megasporogenesis (leading to 
seeds) is normal, but microsporogenesis (leading to pollen) is not. Premei- 
otic development conforms to the usual coniferous patterns, in which 
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microcytes separate and begin meiosis, but unexpected irregularities then 
appear (El Maataoui and Pichot 2001). These include abnormal chromo- 
some separation and cytokinesis, followed by fusion of the meiotic prod- 
ucts. It is not entirely clear whether these occur at random, in which case 
heterozygosity decreases, or whether heterozygosity is maintained by hav- 
ing unlike products reunite. What evidence is available suggests that the spe- 
cies lacks genetic diversity in nature (El Maataoui pers. comm.). It is thought 
that the diploid pollen travels to a female cone and develops into an em- 
bryo without first fusing with a female cell. 

The conifer is part of a family, the Cupresseaceae, all members of which 
show paternal inheritance of both mitochondria and chloroplasts, a rare 
trait in plants, found only in some related conifer families (reviewed in 
Mogensen 1996). While not a prerequisite for androgenesis, this probably 
facilitates its evolution, because all the requisite DNA can arrive from pater- 
nal tissue alone. 

It is hard to escape the impression that androgenesis has put this spe- 
cies on the fast road to extinction. Certainly, it is associated with a major 
extinction-biasing factor, namely, low fecundity. Only 10% of seeds are nor- 
mal—in other words, an embryo surrounded by a reserve, endosperm-like 
tissue (Pichot et al. 1998). The remaining seeds lack an embryo or lack both 
embryo and endosperm. A reduction of female fecundity by a factor of 10 
must place it at an enormous competitive disadvantage when overlapping 
with conventional species. It is not known whether selling occurs in na- 
ture. If it did, the hermaphrodite's genes would be passed at the same rate 
whether through paternal tissue, maternal, or both. 

It has been argued, instead, that androgenesis represents an evolutionary 
response to the threat of extinction, preventing inbreeding through uni- 
parental inheritance. But it is not clear whether diploid pollen is the prod- 
uct of selling and a 90% cost is a high price to pay for inbreeding avoidance. 
The only way we see an advantage for androgenesis is if it can be used to 
colonize other species. Controlled crosses between C. sempervirens and C. 
dupreziana produce only viable dupreziana offspring (Pichot et al. 2001). 
This means if it often overlaps another Cupressus species, it may be able to 
propagate itself by using heterospecific "surrogate mothers." Recent work 
does show colonization of a closely related species in nature (El Maataoui 
pers. comm.). 

Why should female fecundity be so low? A drop in female fecundity in 
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response to androgenesis makes sense if some paternity is not androgenetic, 
so in aborting the androgenetic, the maternal tissues save resources for 
nonandrogenetic. But no evidence has been produced to support this possi- 
bility. Another possibility is that androgenesis has selected for male-biased 
investment in reproductive function, because androgenetic genomes are 
passed preferentially by males (McKone and Halpern 2003). The less selfing 
there is, the stronger such selection, so androgenetic genomes are expected 
to be outbreeders, perpetually on the lookout for new maternal tissue to 
colonize. 



The Clam Corbicula 

Several species of the freshwater clam Corbicula— diploid, triploid, and tetra- 
ploid— appear to reproduce entirely by androgenesis (Komaru et al. 1998, 
Byrne et al. 2000, Qiu et al. 2001). The sperm cells have the same DNA con- 
tent as somatic cells and presumably arise by some kind of ameiotic process 
whose details are unknown (Komaru and Konishi 1999). What is known is 
that the entire female nuclear genome is ejected in 2 polar bodies shortly af- 
ter the sperm enters the egg (Komaru et al. 1998, 2000). Comparative data 
on Corbicula and related genera show that androgenesis occurs in species 
with biflagellate sperm, brooding of young, and hermaphroditism (reviewed 
in McKone and Halpern 2003). The significance of the first is unclear. 
Brooding of young may facilitate androgenesis because, at least initially, 
such a radical change in the genetic system may increase the frequency 
of aneuploid progeny. In brooding species there is usually some natural 
abortion of offspring, and so aneuploid progeny can be replaced by nor- 
mal euploid progeny with little or no effect on a female's fecundity. Par- 
thenogenesis is also associated with brooding, probably for the same rea- 
son (Lively and Johnson 1994). Hermaphroditism makes long-term survival 
more likely and, if associated with selfing, sharply reduces the cost to the 
maternal genome (because it will be closely related to the paternal). 



The Stick Insect Bacillus rossius-grandii 

As we have noted, in this hybrid species as many as 20% of a female's prog- 
eny, both sons and daughters, can arise by androgenesis. In this case, 2 hap- 
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loid sperm of a male fuse inside the egg to generate a diploid genome, which 
then displaces the maternal set (Tinti and Scali 1992). 

Androgenetics have also been observed in both intra- and interspecific 
crosses of pure species and in Bacillus androgenetics can produce fertile 
progeny of both sexes (Tinti et al. 1995). The ability of Bacillus stick insects 
to produce fertile androgenetics of both sexes permits hybridogenetic hemi- 
clones to reenter the ancestral population. A B. grandii androgen is pro- 
duced when the entire hybridogenetic egg nucleus degenerates and the off- 
spring receive only paternal genes. These arise from fusion of 2 sperm nuclei 
of the many found in the polyspermic eggs. (The possible effects of multiple 
matings on this system are completely unexplored.) B. rossius androgens can 
be generated experimentally when B. rossius males fertilize hemiclonal fe- 
males, producing fully fertile androgens of both sexes (Tinti and Scali 1993, 
1995). Likewise, androgens can be imposed on the otherwise parthenoge- 
netic B. whitei. 



419 



ELEVEN 



Selfish Cell Lineages 



YET ANOTHER KIND of within-individual conflict can result from the fact that 
cells within a multicellular individual are not quite genetically identical to 
each other. On the one hand, clonally generated cells from a single progeni- 
tor cell (e.g., a zygote) become less alike genetically with time, through 
spontaneous mutation and mitotic recombination during each cell cycle. 
This effect is inevitable for any multicellular species, but it is expected to 
vary in intensity, being strongest in large, long-lived ones. Certainly all hu- 
mans are, in this sense, genetic mosaics. Within our bodies, variant cell lin- 
eages can expand or contract according to their tendency to proliferate. 
Both cancer and the adaptive immune system are fundamentally based on 
the principle of differential cell reproduction. We review the evidence of 
such differential reproduction and the resulting cell lineage selection in 
both somatic and germline tissues, as well as the idea that controlling cell 
lineage selection may have been an important selective agent in the evolu- 
tion of development. 

Genetic variation among cells and cell lineage selection can also arise be- 
cause organisms are chimeras— that is, derived from the amalgamation of 
cells of different genotypes. In our own species, low-level chimerism be- 
tween mother and offspring is not uncommon, and in marmosets and tama- 
rins chimerism between twins is the norm. In colonial invertebrates, geneti- 
cally distinct colonies often fuse, and competition for representation in the 
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germline is expected to be particularly intense. In mushrooms, chimerism is 
an essential component of the sexual cycle, with genetically unrelated nu- 
clei both cooperating and competing in a common cytoplasm. And in sev- 
eral taxa, while the germline is uniform, the soma is chimeric, and this can 
lead to differences among tissues and among genes in coefficients of related- 
ness to family members, and thus conflicts over optimal patterns of behav- 
ior. The disunity of the organism is manifest once more. 

Mosaics 

Spontaneous mutation is an inevitable source of genetic variation within 
any multicellular organism, particularly those that are large and long-lived. 
There are, for example, about 10 13 cells in the human body, and about 10 12 
cell divisions per day. Because the mutation rate per nucleotide is about 
10~ 9 , this means every possible single nucleotide mutation occurs in our ge- 
nome hundreds of times every day, and within our lifetime the whole range 
of Mendelian genetic diseases probably arises at one time or another, in one 
cell or another. In addition, mitotic recombination (which arises as a conse- 
quence of DNA repair; see Chap. 6) can convert heterozygous cells into 
homozygotes. Rates of mitotic recombination are 10~ 7 to 10 ~ 5 per cell cycle 
in yeast, and, in the germline, 10~ 4 to 10~ 2 per individual generation in 
Drosophila, and 10~ 5 to 10~ 4 per individual generation in plants (reviewed in 
Otto and Hastings 1998). Loss of heterozygosity can also occur by duplica- 
tion of an entire chromosome, followed by loss of the homolog (Cervantes 
et al. 2002). 

Many times these genetic changes have no effect— for example, a brain- 
specific gene mutates in the kidney and has no effect. Or an essential gene is 
lost, the cell dies, and another cell divides to take its place. In terms of cell 
proliferation, such mutations are, respectively, neutral or deleterious. For 
the organism, most such mutations are probably harmless. Instead, the dan- 
ger lies in the small minority of mutations that give the cell a proliferative 
advantage, for these can lead to cancer. 

Somatic Cell Lineage Selection: Cancer and the Adaptive Immune System 

Cancers are selfish cell lineages: clones of cells that, within an individual's 
lifetime, have evolved high rates of replication compared to other clones, at 
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the expense of host fitness. They arise and spread by the conventional Dar- 
winian process of repeated rounds of mutation and selection (Nowell 1976, 
Vogelstein and Kinzler 1993). This realization helps to make sense of much 
of the phenomenology of cancer. For example, environmental contributors 
to cancer can include mutagens or anything that increases the rate of cell di- 
vision, and thus the opportunity for mutations to arise or selection to occur 
(Ames et al. 1995). Also, cancers are more of a problem in mitotically active 
tissues in which the need for regeneration is common (e.g., epithelial tis- 
sues), and less common in mitotically inactive tissues in which the need for 
regeneration is rare (e.g., the heart, where trauma is usually fatal; Williams 
and Nesse 1991). Somatic mutation and cell lineage selection are also im- 
portant in the medical treatment of cancers, as tumors can evolve resistance 
to chemotherapy. Mutations that allow cells to produce their own mitosis- 
inducing signals, suppress contact inhibition, evade apoptosis, attract the 
vascular system, or disperse to other locations in the body (metastasize) can 
all have a selective advantage. 

Because cancers are harmful to the organism, there will be selection for 
adaptations that prevent or delay their occurrence— anticancer adaptations. 
An indication of the importance of such adaptations in our own species is 
suggested by the fact that in wild mice raised under benign conditions in 
the laboratory, some 46% have gross tumors at death (Andervort and Dunn 
1962). Humans are some 3000 times larger and live 20-30 times longer than 
mice, so if the probability of a cell becoming cancerous was the same per 
unit time in us as in mice, none of us would make it out of the womb alive, 
let alone reach puberty (Peto et al. 1975). Selection to prevent cancer must 
have been ever-present in the evolution of animal development (Graham 
1992). 

Anticancer adaptations must work by attacking the evolutionary process 
of somatic mutation and cell-lineage selection, and there are 3 ways to do 
this (Leroi et al. 2003). First, they can reduce the mutation rate. Some stem 
cells seem to arrange DNA replication and cell division to retain an "im- 
mortal strand" of DNA within the stem cell— that is, an unreplicated strand 
from which all copies are derived— and this should reduce the mutation rate 
(Cairns 1975, Potten et al. 2002). Some stem cells also do not seem to repair 
certain forms of DNA damage, preferring instead to die, which can also re- 
duce the mutation rate (Cairns 2002). Second, anticancer adaptations can 
reduce the selective advantage (at the level of competing cell lineages) of 
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each intermediary step toward tumor formation, so the mutations do not 
accumulate as much, or as fast. This can occur by modifiers evolving that 
make the cancer-contributing mutations more recessive. Stem cell dynamics 
and tissue architecture are also important. Cairns (1975) suggests that inter- 
posing a series of transiently amplifying cells between stem cells and termi- 
nally differentiated cells reduces the number of stem cells required and so 
also reduces the frequency of cancer (assuming that only stem cells can 
become cancerous; see also Frank et al. 2003). Similarly, having separate 
patches of stem cells, between which migration is difficult or impossible (as 
is likely for those in the colonic crypts), also reduces the selective advantage 
of an oncogenic mutation. 

Finally, anticancer adaptations can work by adding another set of con- 
trols on cell proliferation, so more mutations are required to turn a cell 
cancerous (Nunney 1999). Cells in the retina (a relatively small and nonpro- 
liferative tissue) can become cancerous by the inactivation of only 1 tumor- 
suppressor locus, whereas cells in the lower gastrointestinal tract (a large, 
constantly proliferating tissue) require knockouts of 3 loci as well as the acti- 
vation of an oncogene (Vogelstein and Kinzler 1993). It appears that we 
have evolved added redundancy in those tissues most requiring it. 

Cell lineage selection is not always harmful to the organism. As we have 
indicated, it can mean that a defective mutant cell is replaced by a non- 
mutant neighbor. It even sometimes happens that a patient with an inher- 
ited disorder (e.g., of the immune system) has a back mutation in a cell that 
allows the cell to proliferate and cause a spontaneous cure (Hirschorn et al. 
1996, Erickson 2003). Most impressive of all, vertebrates have evolved an 
adaptive immune system that is fundamentally based upon the principle of 
cell lineage selection (Alberts et al. 2002). Briefly, there are about 2 X 10 12 
lymphocytes (B cells and T cells) in the human body (together weighing 
about the same as the brain or liver). They mostly differ one from another 
due to rearrangements of the antibody- or T cell receptor-encoding genes. 
(The mechanism responsible for these genome rearrangements is thought 
to have evolved from a domesticated transposable element; see Chap. 7.) 
These rearrangements are more or less random with respect to function, and 
this variation is acted on by 2 types of selection. First, lymphocytes that rec- 
ognize "self" are preferentially killed, inactivated, or induced to change. 
Second, lymphocytes that bind to pathogens are stimulated to replicate. 
Moreover, in B cells, this replication is associated with hypermutation of 
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the antibody-encoding gene, creating more variation, and cells that bind 
tightest to the antigen are induced to replicate fastest. In this way our im- 
mune system can mount a response to almost any foreign antigen and pro- 
duce antibodies with increasingly higher affinity as an infection persists, 
while not attacking our own bodies. 

Cell Lineage Selection in the Germline 

Though novel genotypes may evolve by cell lineage selection during the 
lifetime of an organism, those genotypes almost always disappear when the 
organism dies. There is one wonderfully bizarre exception of a cancer that 
does not die with its host and is now circulating among feral dog popula- 
tions (Box 11.1; Plate 9). The other, more general, exception is for cell lin- 
eage selection that occurs within the germline— the precise genotype may be 
lost by recombination, but changes in allele frequencies can be passed on to 
subsequent generations. 

Selection in the germline has been experimentally demonstrated in clas- 
sic experiments on Drosophila (Abrahamson et al. 1966). These experiments 
involve irradiating males and then measuring the frequency of recessive le- 
thal mutations transmitted by those males on their X chromosome and on 
one of their autosomes. If one looks at progeny from matings immediately 
after the irradiation, when there has been no opportunity for any selection, 
the ratio of lethals transmitted on the X and on the autosome is about 
0.38:1. This is not too different from the relative size of the 2 chromosomes. 
But if one looks at progeny from matings 17-21 days after the irradiation, 
the relative frequency of X-linked lethals is only 0.18:1, approximately half 
of what it was previously. The sperm cells transferred in these matings would 
have been derived from cells that were primary spermatogonia at the time of 
irradiation. These form a small population of asynchronously dividing cells 
that function as a reservoir for the secondary cells, which undergo 4 syn- 
chronous mitotic divisions to produce a cyst of 16 cells, each of which then 
undergoes meiosis to form a total of 64 haploid sperm. In the development 
of primary spermatogonia into sperm, selection is expected to act more in- 
tensely against X-linked mutations because there is only a single copy of the 
X, whereas mutations on the autosomes are masked by the other copy. This 
selection is positive for the individual. Cell lineage selection in the germline 
has also been observed in mosaic flies generated by inducing mitotic recom- 
bination at particular mutant loci (Extavour and Garcia-Bellido 2001). 
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BOX 11.1 

Canine Transmissible Venereal Sarcoma: The Origin of a 
Highly Degenerate Mammal 

Mammals are continually sloughing off cells (e.g., skin), but these 
cells usually die once they are separated from the organism. Even 
the most aggressive and invasive cancer cells usually die when their 
host dies. But there is a fascinating exception: canine transmissible 
venereal sarcoma (CTVS) is an infectious disease of dogs that is 
caused by a pathogenic lineage of cancerous cells (Das and Das 
2000). This cell lineage is transmitted from one dog to another, usu- 
ally during coitus. Once on a new host, the cells reproduce to form 
a tumor-like growth, usually around the genitals, and the cell lin- 
eage can then be transmitted to another host (Plate 9). It is this con- 
tinuity of the cell lineage (as opposed to mere continuity of an in- 
fectious virus) that distinguishes CTVS from other transmissible 
cancers (e.g., human cervical cancer). 

CTVS can be found in many parts of the world, and in some re- 
gions it is the most common dog tumor. It is thought to have origi- 
nated only once and spread worldwide, and a LINE retrotrans- 
posable element insertion upstream of the c-MYC oncogene (Choi 
et al. 1999) was presumably important in its genesis. There are no 
obvious differences in susceptibility among breeds of dogs, and the 
cells can also be transmitted to foxes. Even without treatment, tu- 
mors usually regress after 1-3 months; if regression is complete, the 
host is immune to subsequent reinfection. This "naturally occur- 
ring allograft" has become a true pathogen. One could even think 
of it as a highly degenerate mammal. 



The opportunity for selection in the germline increases with the number 
of germline cell divisions from zygote to zygote. Even in species with segre- 
gated germlines, this is often more than 20; in a 40-year-old man it is 600- 
700; and in long-lived plants and animals without a segregated germline, it 
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Table 11.1 Number of germline cell divisions from zygote to zygote in different species 



Species Number of Cell Divisions 



Maize 50 

Drosophila 35 (at age 18 days for males & 25 days for females) 

Mice (female) 25 

(male) 62 (at age 9 months) 

Humans (female) 23 

(male) 36 (at age 13; + 23 per year thereafter) 



Age refers to the time at which the zygote is produced. 
From Otto and Hastings (1998). 



is presumably much more (Table 11.1). Only genes that are expressed in the 
germline are subject to germline selection, but this may be a substantial 
number of genes. Germline development is a complex process involving 
proliferation, active and passive migration, contacts and signaling with vari- 
ous cell types, and gamete differentiation as well as basic cellular metabo- 
lism (Saffman and Lasko 1999). One can reasonably suppose that it is open 
to influence by a substantial fraction of the genome. Consistent with this 
expectation, mosaic analysis in Drosophila has shown that most zygotic le- 
thal mutations are homozygous lethal in the germline (67% for point muta- 
tions, 88% for chromosomal deletions; Garcia-Bellido and Robbins 1983). 
These numbers are expected to vary among cell types and are known to be 
different in tergite cells (20% and 58%, respectively). 

In humans, cell lineage selection in the germline has been implicated in 
the transmission of 2 genetic diseases. First, myotonic dystrophy type 1 
(DM1) is an autosomal dominant disorder caused by the expansion of a 
CTG triplet repeat in the 3' untranslated region of the DMPK gene. Normal 
alleles have 5-30 repeats, mildly affected individuals from 50-80, and se- 
verely affected individuals 2000 or more. The disease shows a phenomenon 
known as "anticipation," in which the symptoms become increasingly se- 
vere and appear at a progressively younger age in successive generations. 
This is because offspring tend to have more repeats than parents. The con- 
ventional explanation for this difference is mutation bias, but a positive as- 
sociation has been found in lymphoblastoid cell lines between the number 
of repeats and cell replication rate (Khajavi et al. 2001). The same associa- 
tion occurring in the germline could contribute to (or cause) the increase in 
number of repeats between parents and offspring. 
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Second, Apert syndrome is another autosomal dominant disorder; ap- 
proximately two-thirds of the cases are due to a C-»G mutation at position 
755 in the FGFR2 gene, which causes a Ser-»Trp change in the protein 
(Goriely et al. 2003). This is a male-specific mutation hotspot: in a study of 
57 cases, the mutation always occurred on the paternally derived allele 
(Moloney et al. 1996). On the basis of the observed birth prevalence of the 
disease (~1 in 70,000), the apparent rate of C-»G mutations at this site is 
about 10~ 5 , which is 200- to 800-fold higher than the usual rate for C->G 
mutations at CG dinucleotides. Moreover, the incidence rises sharply with 
the age of the father (Fig. 11.1). Goriely et al. (2003) analyzed the allelic dis- 
tribution of mutations in sperm samples from men of different ages and 
concluded that the simplest explanation for the data is that the C->G muta- 
tion gives the cell an advantage in the male germline. In particular, they sug- 
gest that in a testicular stem cell population of 10 7 to 10 8 , the mutation may 
cause a clonal expansion to about 10 3 cells (essentially a small neoplastic le- 
sion) and this could account for the elevated mutation rate. 

In both these examples of human diseases the mutations are so deleteri- 
ous at the individual level that they cannot possibly go to fixation. Rather, 
the population comes to have an intermediate equilibrium frequency of the 
mutation, and the effect of cell lineage selection is to increase the effective 
mutation rate, and thus the equilibrium frequency of the disease. In princi- 
ple, mitotic recombination and cell lineage selection in the germline can 
also lead to "mitotic" drive and the spread and fixation of a gene if heterozy- 
gous individuals give rise to homozygous cells in their germlines at an ap- 
preciable rate, and if one of those homozygous types has a proliferative ad- 
vantage (Otto and Hastings 1998). The opportunity for this effect is greatest 
in species without a segregated germline and in which there are many germ- 
line cell divisions per generation. 

Evolution of the Germline 

We saw in our discussion of cancer that the evolution of development has 
almost certainly been influenced by the need to prevent the proliferation of 
variant cell lineages. This need applies not only to the construction of so- 
matic tissues like the colon but also to the way the organism makes its ga- 
metes. Indeed, the dangers of cell lineage selection will be particularly acute 
in germinal tissue because not only is there the risk of cancer but there is 
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Figure 11.1 Frequency of mutant sperm cells as a function of age in men and compari- 
son with the paternal age effect for Apert syndrome. At position 755 of the FGFR2 lo- 
cus, the wildtype is a C, but mutants can be found in sperm samples. A. Frequency of 
C-»G mutants increases with male age in sperm but not blood cells. B. Frequency of 
C-*T mutations increases in sperm but not blood cells. C. Frequency of C->A mutants 
increases in neither sperm nor blood cells. D. Relative levels of C->G in sperm (black); 
observed/expected rates of Apert syndrome births; and rates predicted from a best fit 
model of observed birth data (white) each in relation to the father's age. Adapted from 
Goriely et al. (2003). 
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also the danger, perhaps even more acute, of creating a genetically inferior 
gamete carrying a deleterious mutation. There are probably many muta- 
tions that give the cell a small proliferative advantage and do not typically 
harm the individual in which they occur but that would be harmful if 
passed on to the next generation. Just one such mutation could be enough 
to kill an offspring, and therefore the strategy of adding extra layers of re- 
dundancy does not work as well in the germline. Other strategies such as 
restricting the migration of cells also seem likely to be less effective in reduc- 
ing the transmission of deleterious mutations than in reducing the inci- 
dence of cancer deaths. 

So, how can an organism produce gametes in a way that reduces the 
probability of transmitting a new deleterious mutation? There are several 
possibilities. First, one might expect gametes to be derived from a small 
population of specialized cells that are distinct from the rest of the body. 
This pattern would reduce the number of cell divisions and therefore the 
mutation rate. Perhaps more importantly, it would also reduce the number 
of germline cells and therefore the probability that a mutation that increases 
the cell's rate of proliferation would get established and be transmitted. Sec- 
ond, one might expect cell division in the germline to be under the control 
of both the cell itself and neighboring somatic cells, such that only if both 
"agree" would division take place. The reliance on the cell itself would give 
some degree of purifying selection, which, as in somatic cells, would proba- 
bly be a good thing; the simultaneous reliance on a somatic cell that is dis- 
tantly related and unlikely to share the same somatic mutations might help 
prevent proliferative mutations from spreading. That is, one expects cell di- 
vision to be under both cell-autonomous and nonautonomous control. 
Finally, one might expect cell divisions in the germline to be synchronous, 
but with the option of a cell not dividing and dying. Again, this possibility 
would allow purifying selection but reduce the opportunity for a selfish lin- 
eage to proliferate. 

It is easy to point to features of the germline consistent with these expec- 
tations. Many animal phyla segregate their germline early in development. 
After segregation, germ cells often migrate considerable distances to reach 
the gonad, where they are surrounded by somatic cells (Saffman and Lasko 
1999). Somatic cells often play a key role in the proliferation and differ- 
entition of the germ cells. In plants it is the position of cells within the 
meristem that determines whether they will be part of the germline (Pineda- 
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Krch and Lehtila 2002). As plant cells are immobile, they too have limited 
opportunities for selfish proliferation. Finally, some degree of replication 
synchrony is common in gametogenesis. Unfortunately, while it is easy to 
point to features of germline development that are consistent with expecta- 
tions, the extent to which these features evolved in order to modulate 
germline selection is unknown. 

Even these features do not entirely isolate germ cells from selfish somatic 
elements. In Drosophila a retrotransposon (412) is very active in the somatic 
mesoderm that gives rise to the testes and such cells surround and attach to 
newly arriving primordial germ cells (Brookman et al. 1992). 412 activity is 
not induced by the arrival of the germ cells but by prior-acting homeotic 
genes and 412 remains active while the germ cells are dividing. The suspi- 
cion is inescapable that 412 is pumping either copies of itself into the germ 
cells or other chemicals that aid 412 transposition later in spermatogenesis, 
but this has not been shown. 412 is inactive in ovaries but active in sper- 
matocytes (Borie et al. 2002). 

Direct evidence of a reduced frequency of mutants in the germline comes 
from studies of mice (Walter et al. 1998). Male germline cells have a sig- 
nificantly lower frequency of mutants than somatic tissues (brain, liver, and 
Sertoli cells, which are somatic cells in the testes; Fig. 11. 2A). It is not clear 
whether this difference is due to a lower mutation rate or fewer cell divi- 
sions. Comparisons of DNA repair efficiencies in different tissues have 
shown that 1 mechanism (base excision repair) is more active in germline 
cells than in somatic cells (Intano et al. 2001, 2002, Olsen et al. 2001), while 
another mechanism (nucleotide excision repair) is inactive in the germline 
but active in somatic cells (Tansen et al. 2001). The interpretation of these 
latter results is not yet clear: as noted above, a cell choosing to die rather 
than repair its DNA could reduce the overall mutation rate. 

Mutant frequencies also differ between germ cells at different stages of 
development, and between young and old mice (Fig. 11. 2B). Tests made on 
purified populations of 8 different spermatogenic cell types show a sig- 
nificantly lower frequency of mutants than do the somatic cells. Moreover, 
mutant frequencies decline through spermatogenic stages, particularly from 
type A to type B spermatogonia. This transition appears to be selective for 
cells with fewer mutations. Consistent with such selection, there is sig- 
nificant apoptosis at this stage, though the mechanistic basis of the selection 
is unknown. 
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Figure 11.2 Mutant frequencies in different tissues of mice. Mice were genetically engi- 
neered to carry a silent loci gene, and then the gene was recovered from various tissues 
and introduced into bacteria to measure the frequency of mutations. Bars show mean 
and standard errors. A. Comparison of somatic and germline tissues. Br, brain; Li, liver; 
SC, Sertoli cells; SAvg, somatic average; STC, seminiferous tubule cells. There was no 
significant difference among the somatic cell types, but significantly lower mutant fre- 
quencies in the seminiferous tubule cells. B. Comparison of different spermatogenic 
cell types. Prim. A, primitive type A spermatogonia; A, type A spermatogonia; B, type B 
spermatogonia; Pre-L, preleptotene spermatocytes; L + Z, leptotene plus zygotene sper- 
matocytes; Pach., pachytene spermatocytes; Rnd, round spermatids; Sprm, spermato- 
zoa. All cell types had a significantly lower mutant frequency than the average somatic 
frequency. Furthermore, there was a significant decline in mutant frequency between 
primitive type A spermatogonia and type B spermatogonia. Adapted from Walter et al. 
(1998). 
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Finally, we have assumed in our discussion that most mutations that in- 
crease the proliferation rate of a cell would be harmful if transmitted to the 
next generation. There are no hard data on the matter, and others appear to 
make the opposite assumption (e.g., Otto and Hastings 1998). Whitham 
and Slobodchikoff (1981) suggest that in trees and other long-lived plants, 
branches are genetically different, and branches that better fit the local envi- 
ronment (e.g., are more resistant to insect pests) grow and expand and make 
more pollen and ovules at the expense of other branches on the same plant 
that are less fit (see also Gill et al. 1995). In this way, a single individual may 
evolve over time and pass on the advantageous changes to its progeny. To 
some extent, such adaptive evolution must occur. Indeed, the prerequisites 
for such evolution have been shown in detail for 2 species of branching 
red algae, Delisea pulchra and Asparagopsis armata (Monro and Poore 2004). 
There is significant within-individual phenotypic variation in both species 
in such fitness-related traits as growth, secondary metabolic concentrations, 
and rates of tissue loss due to herbivory. Significant heritabilities were also 
shown for growth in A. armata and the other 2 traits in D. pulchra. 

Though some aspects of cell lineage selection may be beneficial to the or- 
ganism and its progeny, we are not aware of any evidence of plants, animals, 
or any other organism evolving mechanisms to increase the efficacy of cell 
lineage selection in the germline. No evidence of high mutation rates, either 
in general or at specific loci (e.g., those involved in pest resistance); no 
mechanism analogous to the vertebrate immune system that rearranges the 
genome at specific sites to create variation; and no high rates of gene con- 
version, which would be a relatively easy way to create variation. If such ad- 
aptations are indeed missing (as opposed to merely undiscovered), the im- 
plication is that positive selection in the germline is, on average, dangerous 
and to be avoided. Mutations that are beneficial at the cell lineage level may 
be more often deleterious than beneficial when passed on in a gamete, or 
the average effect of those that are deleterious may be larger than the aver- 
age effect of those that are beneficial. 

Selfish Genes and Germline-Limited DNA 

Whatever the reasons for the evolution of a segregated germline, the fact 
that it has evolved is of considerable importance for genes that persist 
by drive and are harmful to the host organism. As we have seen, many B 
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Table 11.2 Occurrence of germline-limited DNA 



Chromatin Loss 

Ciliophora Widespread but not universal; at least 1 species also shows 

( = Cilates) loss of whole chromosomes 

Nematoda 10 species in 2 orders in 1 subclass; not universal in those 

orders 
Crustacea: Copepoda 6 species of Cyclops and 1 species in each of 3 related 
genera 
Chromosome Loss 

Insects: Diptera Widespread in 3 families: Cecidomyidae, Sciaridae, and 

Chironomidae: Orthocladiinae 
Chordata: Myxinida 4 species of hagfish in 3 genera 

Sex Chromosome Loss 

Insecta: Siphonaptera Ctenocephalid.es orientis 
Chordata: Mammalia At least 10 species of marsupials 



chromosomes accumulate by preferentially segregating away from somatic 
cells and toward germline cells (see Chap. 9). And many transposable ele- 
ments are active only in the germline and are dormant in somatic cells (see 
Chap. 7). A more extreme manifestation of the same principle is for a selfish 
gene to excise itself and be lost from somatic tissues, only to persist in the 
germline. In fact, there are many examples of germline-limited DNA, some 
of which we have discussed in previous chapters (Table 1 1.2). In all cases our 
suspicion is that selfish genes must be involved, although in many cases 
the molecular details are poorly known and in no case is it clear why dimi- 
nution has evolved. The evidence is most easily organized by taxonomic 
group. 

Nematodes. Chromosome diminution was arguably the first selfish ge- 
netic phenomenon described, when Boveri observed in 1887 that chromo- 
somes are sharply diminished in size in the somatic cells of Parascaris nema- 
todes (for recent reviews, see Miiller et al. 1996, Miiller and Tobler 2000). 
Absent any other explanation, this suggests the differential accumulation of 
unnecessary DNA in the germline, followed by its excision from the soma. 
It is noteworthy that chromatin diminution is found in only a few species 
(7), all of which are parasitic (associated with very high egg number). A 
highly variable percentage of DNA is eliminated between closely related 
species, ranging from to 95%, leaving a near-constant level of somatic 
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DNA. This contradicts any obvious germline function or function in the 
first few presomatic cell divisions. It also suggests that there is no net gain, 
that is, there appears to be no overall reduction in the (somatic) genome 
in species with genome diminution. Thus, germline limited DNA seems to 
invade and expand germline genome size without having any effect on 
amount of somatic DNA. 

In Parascaris univalens the haploid genome consists of 1 compound chro- 
mosome with an internal euchromatic segment flanked by large, hetero- 
chromatic segments that are discarded from somatic cells. The single large 
euchromatic section fragments into as many as 50 separate chromosomes. 
The heterochromatic segments consist of blocks of two (5bp and lObp) re- 
peats and are highly variable in size. Why these short repeats should have 
become so common is unknown. It is also not clear why euchromatic frag- 
mentation should be associated with heterochromatic segment loss. 

It is also interesting that an rDNA gene seems to have invaded the 
germline-limited DNA in Ascaris lumbricoides. The variant ribosomal form 
predominates in oocytes but is eliminated from all presomatic cells and re- 
placed by a somatic form (Etter et al. 1994). 

Hagfish and copepods. In 8 species of hagfish chromosome elimination 
is known to occur during early embryogenesis in somatic cells (Kubota 
et al. 2001). As in nematodes, eliminated chromosomes are mostly hetero- 
chromatic and diminution eliminates most heterochromatic material. In 
Eptatretus burgeri 88% of the eliminated DNA consists of a 64bp repeat, 
tandemly and massively amplified. 

Not much is known about chromosome diminution in copepods, except 
that it occurs in at least 9 species of Cyclops and its relatives, varies from 35% 
to more than 90% by amount, and occurs at about the time of germline- 
soma differentiation (Beerman 1977, Wyngaard and Gregory 2001). By one 
theory, the excess DNA plays a vital role in early development; but, as 
in nematodes, this hypothesis seems scarcely credible because the excess 
amount differs so sharply between closely related species. Somatic tissue in 
Cyclops is derived from only 4 or 5 segregational divisions. A similar obser- 
vation has been made with Parascaris. 

Ciliated protozoa. Because they are unicellular, the distinction between 
germ and soma in ciliated protozoa refers not to tissues or cells but to 2 dif- 
ferent nuclei within a single cell, a small generative nucleus and a large so- 
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matic one derived from it. The micronucleus is small, diploid, divides by 
typical mitosis, and is mostly transcriptionally inactive. The macro is large, 
divides amitotically by budding, and is very active in transcription (re- 
viewed in Prescott 1994, Coyne et al. 1996, Jahn and Klobutcher 2002). 
Only the micro is involved in the sexual cycle: after conjugation, the macro 
disappears and a new one is derived from the new micro. Thus, micros are 
germline and macros are somatic. 

In all species studied, some micro DNA is eliminated from the somatic 
nucleus (10% to more than 95%, depending on the species). The remaining 
DNA in the macro is amplified many times. Micro chromosomes typically 
fragment into smaller macro chromosomes, and some DNA at the bound- 
aries between fragments is usually lost. In addition, some sequences are 
spliced out of the micro DNA. These internal eliminated sequences (IESs) 
are divided into 2 classes: short (<100bp to several kb), noncoding se- 
quences, which may be very numerous, and large (4-22kb) sequences with 
open reading frames and homology to known families of transposable ele- 
ments (such as Tel /mariner). 

The details of these splicing reactions differ according to species. During 
the reorganization of a micro into a macro, the 5 pairs of Tetrahymena iher- 
mophila chromosomes are broken at some 200 positions to yield macro 
chromosomes with an average length of 600kb. During this process, 15% of 
the micro's DNA is eliminated from the macro and the remaining DNA is 
amplified about 45 times. About 6000 small sequences (600bp to a few kb), 
none of which reside within coding regions, are excised. Two transposable- 
like elements are also eliminated, one containing 15 open reading frames. 
Deletion boundaries for both groups are variable. 

By contrast, in the spirotrichs, 200 or more chromosomes in the micro 
may fragment into 20,000 or more in the macro, almost all consisting of a 
single gene. Many of the small eliminated sequences are less than lOObp in 
length and they are very numerous (N~60,000). Their excision boundaries 
are precise, leaving only 1 copy of their short terminal repeat (2-6bp). They 
are often located within coding regions so their precise excision presum- 
ably permits the gene in which they were located to function properly. All 
the eliminated transposable element-like sequences are related to Tcl/mari- 
ner and as many as 5000 such sequences (some of which interrupt coding 
regions) are excised. The precise deletion of transposable elements from 
macro DNA is reminiscent of the silencing of transposable elements in the 
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somatic cells of plants and animals, taken one step further (see Chap. 7). 
And the smaller, noncoding IESs may be analogous to the nonautonomous 
transposable elements that parasitize the functional elements. Indeed, some 
of the smaller IESs have similar inverted repeats at their ends as the trans- 
posable elements. 

The ciliated protozoa diverged from other eukaryotes more than a billion 
years ago and the major subgroups diverged shortly thereafter (Wright and 
Lynn 1997). Only the most primitive group lacks a macronucleus (but has 
several small nuclei instead). Macros, along with chromosome diminution, 
may have evolved more than once within the ciliated protozoa, and it will 
be interesting to see the extent to which their extensive genome remodeling 
derives from the action and domestication of transposable element func- 
tions (Jahn and Klobutcher 2002). 

Chimeras 

We usually think of organisms as being made up of cells that are clonal de- 
scendants of a single progenitor cell, usually a zygote. As we have seen, cell 
lineage selection can work on genetic variants that arise by spontaneous mu- 
tation or mitotic recombination, but there is limited opportunity for such 
selection to produce complex adaptations. Mutation rates are too low, indi- 
vidual lifespans too short, and, most importantly, there is the bottleneck of 
passing through a single-cell stage every generation. But not all organisms 
are like this: in some taxa, individuals may be chimeric, their cells clonal 
descendents of 2 or more genetically distinct progenitors. If such chimerism 
is a regular occurrence, it greatly increases the opportunity for within-organ- 
ism genetic conflicts. These will be of 2 types. First, cell lineages may com- 
pete for representation in the germline, to increase the chance of being 
transmitted to the next generation. Second, even if the chimerism is purely 
somatic, cells with different ancestries will have different coefficients of re- 
latedness to family members, and the selective pressures they experience 
will be governed accordingly. 

Taxonomic Survey of Chimerism 

The incidence and extent of chimerism, and thus the opportunity for these 
conflicts, varies widely among taxa; probably in most species it never oc- 
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curs. In our own species, chimeric individuals do occasionally arise in utero. 
The most common form of chimerism involves the blood: in some 8% of 
dizygotic twins, and 21% of triplets, sibling genotypes are detectable in 
blood samples (van Dijk et al. 1996). And fetal cells can persist in the 
mother and maternal cells in the offspring— sometimes for decades after 
pregnancy (Rinkevich 2001). This low-level "microchimerism" has yet to be 
associated with any biological effect, except sometimes with autoimmune 
disease; in principle, it could offer new routes to sibling rivalries and parent- 
offspring conflicts (Trivers 1974, 1985). Much more rarely, there can also be 
so-called whole-body chimeras— one such individual was discovered because 
she had a hazel and a brown eye. In another case, the apparent genetic 
profile of a woman did not match that of any of her 4 children, and the fa- 
vored conclusion was that she was chimeric, with one cell population pre- 
dominating in the soma and the other in the germline. In humans, whole- 
body chimerism appears to be so rare as to have a minimal evolutionary role. 

Chimerism is more frequent and more extensive in marmosets and tama- 
rins (callitrichid primates; reviewed in Haig 1999c). Females in these species 
usually give birth to 2 or more offspring per pregnancy. Twinning has sec- 
ondarily reevolved from singleton births, and the fetuses develop with a 
connected circulatory system. Chimerism has been reported in blood, bone 
marrow, lymph nodes, and spleen, but it appears not to occur in lung or 
liver. Of particular interest is whether the germ cells are chimeric. This is 
known for opposite-sex twins but not for same-sex, in which it would be 
adaptive. If found in same-sex twins, there would be strong selection on 
genes for their ability to make germ cells that are good colonizers of their 
twin's gonads. It would also mean that a female from such twinships would 
naturally produce both offspring and nephews or nieces, so such an individ- 
ual would be expected to be more likely to forego personal reproduction to 
help others than would an individual that produced only its own offspring. 

Even if the germline is not chimeric, individuals are somatic chimeras of 
cells that are (ignoring mutation) genetically identical to those in its gonads 
and cells that are from the twin. If a chimeric marmoset reproduces, somatic 
cells that are genetically identical to the gonads will consider the offspring 
as related by one-half, whereas the other somatic cells will consider the off- 
spring as related by only one-fourth to one-eighth (depending on whether 
the twins had the same father). If instead the marmoset helps its mother to 
reproduce, the coefficients of relatedness to the sibling will be one-half to 



437 



GENES IN CONFLICT 



one-fourth for both sets of cells (depending on whether the twins shared the 
same father with the new offspring). Thus, within every marmoset there are 
cells that, all else being equal, would prefer their mother to reproduce than 
the marmoset in which they reside. Haig (1999c) speculates that this may 
have been important in the social evolution of marmosets, which are un- 
usual among primates in the degree to which reproduction within social 
groups is monopolized by a single female, with other group members (in- 
cluding progeny) helping to raise that female's offspring. 

Competition among genetically distinct cell lineages for representation 
in the germline is apparently common in some colonial marine inverte- 
brates—sponges, cnidarians, bryozoans, and ascidians— in which fusion of 
genetically distinct individuals is a normal part of the lifecycle. The best- 
studied species in this regard is the ascidian Botryllus schlosseri (e.g., 
Chadwick-Furman and Weissman 1995, Stoner and Weissman 1996, Stoner 
et al. 1999). Colonies that share at least 1 allele at a single multiallelic 
histocompatibility locus can fuse, but what happens next depends on the 
genotypes involved. At least in the laboratory, one colony usually seems to 
disappear over a period of about 2 months (Plate 10). Genetic analysis 
shows that sometimes the associated genotype has also disappeared; but in 
other pairings, the cells of the apparently disappeared colony actually re- 
placed the cells of the colony that was thought to persist. Moreover, which 
genotype persists and which disappears can differ between somatic cells and 
germ cells, so the final colony can have somatic cells of one genotype and 
germline cells of the other. Thus the somatic cells of one genotype can be 
hijacked by the germline cells of another. Data from nature show 6-8% of 
individuals are chimeric (Karakashian and Milkman 1967, Ben-Shlomo et 
al. 2001). Much higher frequencies of chimerics, in some populations more 
than 60%, have been reported for the clonal ascidian Diplosoma listerianum 
(Sommerfeldt et al. 2003). In about 40% of these chimeras the 2 kinds of 
cells are thoroughly mixed and some chimerics contain as many as 6 differ- 
ent genotypes. 

The fact that fusion in B. schlosseri is restricted to colonies sharing an allele 
at a histocompatibility locus (and that there can be more than 100 alleles 
segregating in a population; Rinkevich et al. 1995) indicates that fusion usu- 
ally occurs with close kin. Presumably this requirement has evolved because 
fusion on average increases a colony's reproductive success but does not 
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double it. (The only attempt to identify a benefit to chimerism was unsuc- 
cessful, though benefit has been noted in other colonial species; Rinkevich 
1996, Sommerfeldt et al. 2003.) This limitation of fusion to close kin has the 
effect of attenuating, though not abolishing, the selection for germline colo- 
nization. It also provides the opportunity for genetic conflicts of interest 
over fusion, with loci tightly linked to the histocompatibility locus being se- 
lected to favor fusion more than those that are unlinked. Analogous con- 
flicts of interest apply to loci linked and unlinked to self-incompatibility 
loci in plants and to the MHC locus in animals. 

In mushrooms and their relatives, chimerism is an essential component 
of the sexual cycle. Briefly, haploid spores germinate and grow to make hap- 
loid "monokaryotic" hyphae. If 2 genetically distinct hyphae meet, they can 
fuse, and there is a reciprocal migration of nuclei from one hypha to the 
other. These nuclei replicate within the recipient hypha, which then comes 
to be populated by 2 genetically distinct nuclei. These "dikaryotic" hyphae 
continue to grow and are the main vegetative part of the lifecycle. Even- 
tually a fruiting body is formed, within which 2 genetically distinct haploid 
nuclei fuse and then almost immediately go through meiosis to form hap- 
loid spores. 

The dikaryon is therefore a chimeric individual, in which fusions between 
genetically identical hyphae are specifically prevented. This mating prefer- 
ence maximizes the opportunity for conflict and, as might be expected, 
close observations often indicate differential nuclear transmission— that is, 
drive (Ramsdale 1999). This can be manifest when the dikaryon makes asex- 
ual spores (conidia), if one nuclear genotype is transmitted more frequently 
than the other, or in matings between a dikaryon and a monokaryon, in 
which one nuclear genotype of the dikaryon is more likely to invade the 
monokaryon than the other. Occasionally it is even observed that both ge- 
notypes of the dikaryon invade and displace the resident monokaryon ge- 
notype. 

Slime molds such as Dictyostelium provide another example of chimerism. 
In these species a multicellular slug-like pseudoplasmodium is formed by 
the aggregation of haploid amoebae. Amoebae of different genotypes can 
join together in the lab to form a chimeric slug, and the same probably also 
occurs at least sometimes in nature (Fortunato et al. 2003). Again, conflict is 
then expected over representation in the germline. Coalescence of geneti- 
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cally distinct spores, sporelings, and basal crusts has also been observed in 
red algae (Santelices et al. 2003). 



Somatic Chimerism and Polar Bodies 

A special kind of chimerism exists in taxa with polar bodies that persist and 
develop into specialized auxiliary tissues of the offspring. These are purely 
somatic tissues and do not form part of the germline, but they may never- 
theless influence the organism's phenotype. For unknown reasons, polar 
body involvement in auxiliary tissues seems particularly likely to evolve at 
the interface between the organism proper and another organism. Conflicts 
between the auxiliary tissue and the organism proper can arise in interac- 
tions with kin, because the tissues will evolve according to different coef- 
ficients of relatedness. Conflicts between different loci within the auxiliary 
tissue are also possible, because relatedness to the rest of the organism can 
depend on the degree of linkage to the centromere. We briefly review the bi- 
ology of these auxiliary tissues in 3 independent lineages. 

Flowering plants and endosperm. In flowering plants a pollen grain pro- 
duces 2 genetically identical haploid sperm, one that fertilizes the ovule to 
form the zygote and another that fertilizes a different maternally derived 
cell to form the endosperm (Maheshwari 1950, Johri 1963). The endosperm 
develops to varying degrees in different species and appears to act as a con- 
duit or interface through which maternal nutrients are invested in the devel- 
oping embryo and seed. In some species the endosperm includes the devel- 
opment of invasive haustoria (Fig. 11.3). In most plant species (~70°/o), the 
endosperm is triploid, containing 2 copies of the embryo's maternal ge- 
nome and 1 copy of its paternal genome, but several other variants have 
evolved, apparently many times, usually involving the polar bodies (Table 
11.3). As a consequence, there are maternally derived genes in the endo- 
sperm that are not found in the embryo proper, and the evolution of the en- 
dosperm is dictated by coefficients of relatedness different from those of the 
embryo. The greater the representation of the polar bodies, the less aggres- 
sive the endosperm is expected to be, both in extracting nutrients from the 
mother and in competing with neighboring embryos. There should there- 
fore be a correlation across species between endosperm genetics and mor- 
phology. Note that if the endosperm becomes sufficiently passive in pro- 
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moting its embryo, the latter may evolve to take matters into its own hands. 
In the Orchidaceae and Podostemaceae, for example, the endosperm is ves- 
tigial or absent, while the embryo itself makes extensive haustoria (Masand 
and Kapil 1966). We find it suggestive that, in both families, the endosperm 
(or female gametophyte) is often derived in part from the second polar 
body and so has lower relatedness to its own embryo (Table 11.3). 

Also suggestive are reports from the mistletoe family (Loranthaceae). Fe- 
male reproduction is unusual in this family in that several female gameto- 
phytes (from independent meioses) may develop— and get fertilized— within 
the same carpel. Only one of the resulting embryos will survive, but the en- 
dosperm is genetically chimeric, being derived from a fusion of the endo- 
sperms of the multiple embryos (Bhatnagar and Johri 1983). Again, this will 
lead to a comparatively low coefficient of relatedness with the embryo 
proper, which may help explain why the formation of endosperm haustoria 
is rare in mistletoes (unlike other families in the Santales). In one species 
(Struth anihus vulgaris) in which the endosperm does form a haustorium, this 
endosperm is not genetically chimeric but is derived from a single embryo 
sac (Venturelli 1981). 

Parasitoid wasps and extraembryonic membranes. In many species of 
parasitoid wasp, specialized membranes form around the developing em- 
bryo that function to anchor the embryo to host tissue, protect it, trans- 
locate nutrients to it, and possibly also secrete chemicals into the host 
(Tremblay and Caltagirone 1973, Quicke 1997, Grbic et al. 1998). In addi- 
tion, in some species cells or fragments from these membranes become sep- 
arated from the embryo and float freely in the host hemolymph, swelling 
greatly as they absorb nutrients from the host, again possibly secreting 
chemicals, until finally they are consumed by the parasitoid larva. 

The genetic constitution of these membranes is highly variable. In some 
species they are derived from cells of the embryo, and so are genetically 
identical to it; in other species they are derived from the polar bodies, and 
so are genetically distinct from the embryo. Among those that are derived 
from the polar bodies, the precise genetic constitution varies widely: in 
some species, all 3 polar bodies fuse together into one (triploid) nucleus, 
which then proliferates; in others the second polar body fuses with the in- 
nermost derivative of the first polar body to form a diploid nucleus, which 
then proliferates, while the outermost derivative degenerates; and in yet 
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Table 11.3 Comparative endosperm genetics 



Type of Endosperm 



Relative 
Maternal Relatedness to 

Contribution* Own Embryo^ 



Selected Families That Include 

Species with This Type of 

Endosperm 



lonosporic 








Oenothera 


a 


4 


Onagraceae (all?) 


Polygonum 


a a 


3 


—70% of flowering plants 


Allium, Endymion 


ab 


3-q 


Balanophoraceae, 



Tetrasporic 




Drusa 


ab, ac, or adf 


Adoxa 


ac or adf 


Fritillaria, Penaea, 


abed 


Plumbago, 




Plumbagella 




Peperomia 


8 cells, probably 




aabbcedd 



Podostemaceae, Alismataceae, 
Butomaceae, Liliaceae, 
Orchidaceae 

2 y 3 Compositae, Euphorbiaceae, 

Rubiaceae, Ulmaceae, 
Umbelliferae, Liliaceae 
2 + q/2 Adoxaceae, Caprifoliaceae, 

Ulmaceae, Liliaceae 

1 y 2 Euphorbiaceae, Malpighiaceae, 

Penaeaceae, Plumbaginaceae, 
Liliaceae 

1 X Euphorbiaceae, Gunneraceae, 

Piperaceae 



In each case the paternal contribution is a haploid genome identical to the paternal genome of the embryo. 

* The 4 meiotic products and their descendants are labeled a to d, with a being the maternal contribution to 
the embryo. Note that a=b and c=d if segregation is at the first meiotic division and a=c and b = d if at the 
second division, where = denotes identity by descent. 

H The relatedness of the endosperm to its own embryo, divided by the relatedness to another embryo of the 
same mother. Calculations assume different fathers, and therefore are upper limits; to the extent that fathers 
are the same, the relative relatedness of endosperm to its own embryo will decrease, q is the frequency of sec- 
ond division segregation. q=0 if there is no recombination between the locus and the centromere; q=l if 
there is always 1 crossover; q=0.5 if there are always 2; and q=0.667 if there are infinitely many (Fincham 
1983). "Heterofertilization"— the derivation of the egg and endosperm from different pollen grains— will 
slightly lower the values; this is estimated to occur with a frequency of 1-2% in maize (Sarkar and Coe 1971). 

fProbably with equal frequency. 

From Maheshwari (1950), Johri (1963), and Bulmer (1986). 



Figure 11.3 Examples of invasive haustoria formed by endosperm cells. A. 
Melampyrum lineare (Scrophulariaceae), showing the penetration of one branch of the 
micropylar haustorium as far as the funiculus; the endosperm proper; and the 
binucleate, 1-celled, chalazal haustorium. B. Iodinarhombifolia (Santalaceae), showing 
the cellular endosperm proper and the "aggressive" chalazal haustorium. Adapted from 
Vijayaraghavan and Prabhakar (1984). 
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other species, the first polar body does not divide, nor does it fuse with the 
second polar body, and instead the 2 nuclei proliferate separately in the 
same syncytium (Tremblay and Caltagirone 1973). In yet other species both 
polar bodies and embryonic nuclei contribute to the extraembryonic mem- 
branes: the polar bodies may fuse with an embryonic cell, and this fusion 
product then proliferates; or in one species the extraembryonic membrane 
consists of 8 large cells, each of which has 4 nuclei, 2 derived from a fusion 
of the 3 polar bodies and 2 derived from the embryo proper. After hatching, 
these cells transform into independent giant cells that seem to play an active 
role in the consumption of the host. 

Individuals (embryo plus membranes) can thus be genetic chimeras. The 
key parameter determining the importance of this intra-individual genetic 
variance seems likely to be whether the mother typically lays more than 1 
egg in the host. If she does, the evolution of the extraembryonic membranes 
is determined by different coefficients of relatedness than is that of the em- 
bryo itself— in particular, the extraembryonic membranes are expected to 
be more kindly and less aggressive toward maternal kin than the embryo 
proper. From this perspective, as well as protecting the embryo, the mem- 
branes may also be restraining it. The level of inbreeding is also important 
in determining just how different the embryo and polar bodies typically are. 

It is also striking that, despite all the variability, in no case does only 1 po- 
lar body contribute to the extraembryonic membranes— there are always at 
least 2, and the second polar body is always involved. This guarantees that 
there will be no part of the genome in the membranes that is unrelated to 
the embryo proper. (For loci near the centromere, relatedness under out- 
crossing is r = between the embryo and the first polar body.) Were such a 
genomic region to exist, it would be a prime location for a killer mutation 
that was active in extraembryonic membranes and attacked the embryo, as- 
suming such attack benefited surviving siblings. 

Scale insects and bacteriocytes. Polar bodies can also contribute to the 
specialized cells in scale insects that house endosymbiotic bacteria (Tremblay 
and Caltagirone 1973). These bacteria are vertically inherited through the 
egg from the mother. In mealy bugs (Pseudococcidae), these bacteria are 
contained in a large organ, the bacteriome (or mycetome), about one-third 
the length of the entire body. While in many species the cells of the bac- 
teriome are derived from the embryo proper, in other species the first polar 
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body does not divide, but instead fuses with the second polar body and 
then sometimes with 1 or 2 embryonic cells, to produce highly polyploid 
cells that engulf the bacteria and develop into the bacteriome. Something 
similar occurs in some armored scales (Diaspididae): the first polar body 
fuses with the second and with a cleavage nucleus to yield a pentaploid nu- 
cleus, which then proliferates. The cells are invaded by the endosymbiotic 
bacteria, giving rise to bacteriocytes (or mycetocytes) that do not conglom- 
erate into a single organ but instead remain dispersed as single cells. In other 
species, 2 embryonic cells contribute to the fusion nucleus, which is there- 
fore initially heptaploid. And, in yet other species, the bacteriocytes are de- 
rived purely from embryonic cells, with no polar bodies involved, though 
pentaploid cells without bacteria may still be present (Brown 1965). 

One final diaspid phenomenon is worth mentioning. In Gaga lutea 3 of 
the 5 genomes of the bacteriome are heterochromatized. If, as Brown (1965) 
speculated, these are the polar body genomes, then individuality has been 
reestablished. In a parallel plant example, the 3 heterochromatized genomes 
of a pentaploid endosperm are known to be the polar bodies (Buzek et al. 
1998). By contrast, in whiteflies (allied to scale insects), bacteriocytes invade 
ovarian cells and are transmitted thereby directly to the next generation, 
where they eventually break down and release their bacteria (Costa et al. 
1996, Szklarzewicz and Moskal 2001). Their genetic constitution is un- 
known. 

One notable feature of the scale insect bacteriomes and bacteriocytes is 
that they remain an important feature of the organism throughout its life, 
not just in early development, as in the endosperm and extraembryonic 
membranes. As before, conflict between the different tissues of a scale in- 
sect is expected to occur when there are interactions with kin, in which case 
these tissues evolve according to different coefficients of relatedness than 
the rest of the organism. Again, the bacteriocytes are more closely related to 
maternal kin than is the rest of the organism. 

Bacteriocytes are also unique in that the paternal genome in males re- 
mains within the nucleus and is actively expressed— in other tissues, the 
paternal genome is silenced or ejected early in male development (see 
Chap. 10). Normark (2004) speculates that retention and activity of the 
paternal genome evolved to trick the bacteria into thinking they were inside 
females, and so prevent them from suicidally killing the male. Assuming 
the killing occurs early enough (e.g., while the scale insect is still under 
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the brood chamber of his mother), bacteria may be selected to kill males 
(through which they will not be transmitted) in order to increase the space 
available for sisters containing clone-mates of the bacterial killer (see Box 
5.3). The presence and activity of the male genome makes the bacteriocytes 
in males and females genetically equivalent. However, note that such activ- 
ity is also a threat because the scale insect's paternal chromosomes are po- 
tential allies of the bacteria (they too are propagated only by females). Per- 
haps this is why they are outnumbered 4:1 by maternal haplotypes. Of 
course, how the system evolved and why there is so much variability remain 
unexplained. 
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Summary and Future Directions 



IN THIS BOOK we have documented the diversity of selfish genetic elements 
in considerable detail, organizing the material by class of selfish genetic ele- 
ment. We now review the subject briefly by topic, to draw out some of the 
common themes that animate the subject and are likely to continue to do 
so in the future. For ease of reading, we have not repeated here the refer- 
ences for every fact and supposition cited, but we have made them available 
in the index, organized by topic. 

Despite much recent progress, we are, in certain ways, just beginning to 
scratch the surface of the subject of selfish genetic elements. Our review re- 
veals a whole series of general questions for which we typically have, at best, 
very partial answers. What is the prevalence of various kinds of selfish ele- 
ments in different species and groups of species? Why are particular selfish 
elements found in some species instead of others? What is the evolutionary 
depth of particular selfish elements (e.g., B chromosomes)— shallow with re- 
peated origins, or longer survival with fewer origins? What are the major fac- 
tors that control the spread of selfish genetic elements and how do they act? 
What new forms of drive remain to be described? And what were the ma- 
jor selection pressures when the genome was first put together— a subject 
shrouded in mystery? Still, a number of conclusions are worth summariz- 
ing. We do so for selfish genetic elements generally, reviewing their: 
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Logic and mode of action 

Molecular genetics 

Interaction with host breeding system 

Fate within species 

Movement between species 

Role in host evolution 



Logic of Selfish Genetic Elements 

Are selfish elements really selfish? This question has been answered de- 
finitively. Work on group after group has confirmed that selfish genetic ele- 
ments really are (with some important exceptions) selfish. Despite many ef- 
forts to find benefits at the level of the individual— or, more commonly, at 
the level of the population or species— no general explanations have proved 
successful. For example, transposable elements have been described as an 
adaptive response to stress, a means of regulating gene expression, and a 
means of remodeling the genome; B chromosomes have been described as 
an organismic device to produce greater recombination in the As; and 
genomic imprinting has been described as a mechanism to protect against 
parthenogenesis or invasive trophoblast cancers or as a developmental rheo- 
stat (take your pick). Yet few of these explanations have survived even cur- 
sory inspection, and none a careful look at the evidence. Selfish genes 
appear to evolve because they benefit themselves directly, with all other, un- 
linked genes in the individual harmed or (at best) unaffected. 

On the other hand, selfish elements have also sometimes "gone over to 
the other side," in other words, been co-opted to serve a useful function at 
the level of the individual, but the general situation conducive to such evo- 
lution has hardly been addressed. 

Modes of selfish action. The vast majority of selfish genes spread by dis- 
torting their transmission from parent to offspring, contriving to be passed 
on to more than the Mendelian 50% of progeny (Table 12.1). This distor- 
tion can be a very powerful force when repeated generation after generation. 
Rates of increase vary in strength from almost 100% per generation (Bs in 
rye, spore killers in fungi) to about 50% per generation (nearly complete 
drive in one sex, as in t, SD, driving Xs and Ys) to only 1 in 1000 or 1 in 
10,000 (common rates of transposition); but the latter are associated with 
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colonizing new locations, so both copies can transpose and there is no obvi- 
ous upper limit to copy number. As outlined in Chapter 1, these basic strat- 
egies have been identified for achieving drive: interfering with the competi- 
tor allele, replicating more than once per cell cycle, and preferential 
inclusion in the germline. Then there are the selfish genes that distort not 
their own transmission but how the host organism behaves toward relatives. 
The best examples are genes involved in genomic imprinting in mammals 
and (when interpreted this way) cytoplasmic male sterility (CMS) in plants. 

Molecular Genetics 

The full diversity of selfish genetic elements is only now emerging. For 
many selfish genes, we lack even rudimentary information about what they 
are and how they work. Nevertheless, some common features have become 
apparent. 

Structure and size. Most selfish genetic elements encode 1 or more pro- 
teins. In some cases these proteins perform some novel function(s). HEGs 
and transposable elements encode proteins involved in DNA metabolism— 
nucleases, polymerases, ligases, and transposases. AblO of maize somehow 
encodes the functions of neocentromeres. In other cases the selfish ge- 
netic element appears simply to interfere with normal host function: game- 
togenesis, sexual differentiation, fetal growth, and so on. The way they 
achieve this interference is sometimes reflected in the underlying molecular 
structure. Sd encodes a truncated host protein that is missing 40% of its 
length and consequently is mislocalized to the nucleus. There it causes drive 
of Rsp' alleles that are themselves the absence of chromosomal repeats. At 
least 1 of the driving alleles in the t complex appears to be a deletion. Inter- 
estingly, the t haplotype Responder gene (Tcr) is a chimera of normal host 
genes, as are all CMS genes sequenced to date. Unfortunately we do not yet 
know how these proteins work. 

Finally, some selected elements do not encode anything at all. Gs and Cs 
can spread because they are favored by the DNA mismatch repair system, 
and chromosomal rearrangements can spread because they reposition the 
centromere and so increase transmission at female meiosis. These non- 
coding elements obviously have more passive forms of drive than those that 
encode 1 or more proteins, without the same degree of adaptive complexity. 
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GENES IN CONFLICT 



Returning to the protein-coding selfish elements, some of these encode 
more than 1 protein, and most or all of them also have noncoding se- 
quences that are essential for proper function. For example, DNA trans- 
posons consist, at a minimum, of a gene encoding a transposase and 2 ends 
that are recognized by the transposase. LTR retrotransposable elements en- 
code up to 6 proteins and have as-acting regions needed for packaging the 
RNA and other functions. AblO of maize consists of both noncoding DNA 
repeats and protein-coding genes that make those repeats act as centromeres 
at meiosis, pulling them along the spindle apparatus. Autosomal killers like 
t and SD have multiple trans-acting driver elements that manipulate the 
transmission of a as-acting responder allele, and sex chromosome drive also 
often involves multiple loci. In these latter examples, the different compo- 
nents are not located side by side on the host chromosome but instead are 
dispersed along it: distributed selfish genetic elements rather than unitary 
ones. 

It is important for such distributed elements that the rate of recombina- 
tion breaking up the various components not be too high: too much recom- 
bination and they cannot increase in frequency. Moreover, if there is any re- 
combination, there will be selection to reduce it. The t complex spans a 
region that in wildtype chromosomes recombines 20% of the time. For t 
this rate is much reduced, to about 0.1%, by the evolution of 4 inversions. 
Inversions are also associated with many driving sex chromosomes, and 
some sort of block to recombination is found in the spore killer complexes 
of Neurospora fungi. The requirement for linkage between different compo- 
nents of a selfish element presumably explains why most autosomal killers 
are near centromeres, where recombination is often reduced. That is, cen- 
tromeric regions are preadapted to evolve these complexes. Genes that are 
unlinked to the selfish element may be selected to impose recombination 
upon them, but this is a conflict that is often easily resolved in favor of the 
selfish elements by the simple evolution of inversions, making recombina- 
tion costly for all parties. 

Complex selfish genes with many components are expected to have 
evolved from simpler elements, and in some cases there has clearly been an 
evolutionary pathway of increasing size and complexity. The t haplotype 
has expanded by the sequential accretion of additional driving loci, tied to- 
gether by inversions. SD too has acquired its enhancers and modifiers. 
LINEs with 2 genes are clearly derived from LINEs with only 1, and B chro- 
mosomes, we suggest, may often be expanded centromeres, with accretion 
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of repetitive sequences. This complexity evolves because of selection for in- 
creased drive and decreased harm to the host organism. 

The evolution of complexity also depends on the available mutations, 
which in turn should depend on the size of the selfish element and its link- 
age group (Fig. 12.1). The £ haplotype, for example, currently encompasses 
some 30Mb and 300 genes. Mutations anywhere in this region that increase 
drive can be positively selected, as can those that accentuate the effects of 
male drive by giving males sex-antagonistic benefits in survival or reproduc- 
tion. The t can also increase in size over evolutionary time by acquiring ad- 
ditional inversions, with little immediate cost. Selfish sex chromosomes, 
particularly X chromosomes, also have a lot of genomic resources with 
which to work. And plant mitochondria, with up to 40 protein-coding 
genes, are apparently more likely to evolve CMS genes than animal mito- 
chondria, with their 12-13 genes, are to evolve the equivalent (CMS in her- 
maphrodites, male suicide in species with separate sexes). The upper limit to 
the size of a selfish "element" would appear to be one-half of the diploid ge- 
nome—the half that excludes the other half in systems such as paternal ge- 
nome loss and androgenesis. 

At the other extreme are the HEGs, which have been under continuous 
selection for ever-smaller size to increase the probability of their getting 
copied successfully by the host DNA repair system. Transposable elements 
are also usually selected for small size, as judged by their generally compact 
organization. The considerable adaptive complexity of HEGs and trans- 
posable elements is instead due to the time available— perhaps a billion or 
more years, compared to 3my for the t haplotype and 60,000 years for a 
Poeciliopsis monacha hemiclone. In addition, because HEGs and transpos- 
able elements are small and effectively unlinked to the host genome, selec- 
tion can act more effectively on the mutations that do occur in them com- 
pared to those in the t haplotype, in which selection on the many host- 
benefiting genes contained in the region sometimes interferes with selection 
on drive. B chromosomes combine lack of linkage with weak constraints on 
size, and they might thereby have the greatest opportunity to increase in 
complexity; but it is unclear how old any B chromosome is and present evi- 
dence suggests that complexity largely depends on repeated, noncoding 
DNA. 

Location. For some classes of selfish gene, their mode of action requires 
that they be at a certain location in the host genome. If we divide the ge- 
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nome into compartments (autosomes, X, Y, and cytoplasm), some genes 
spread only if they are in the correct compartment. In many plants a male 
sterility gene spreads if it occurs in the cytoplasmic compartment, but not if 
it occurs in the nucleus. A dominant feminizer like that found in lemmings 
spreads if it is on the X (or in the cytoplasm), but not if it is anywhere else. 
In other cases there is a bias, but it is not clear why. For example, why are 
HEGs and group II introns largely or completely restricted to organelles? 

Even within a genomic compartment, where the selfish element is lo- 
cated can be important. HEGs must be in the middle of their own recogni- 
tion sequence, or within a few base pairs of it. Move a HEG to another part 
of the genome without changing its recognition sequence, and it will not 
spread. AblO and the other selfish knobs of maize have an increased chance 
of ending up in the egg only if they are not completely linked to the 
centromere. Indeed, they work best when there is exactly 1 crossover be- 
tween themselves and the centromere, which gives them an optimal posi- 
tion on each chromosome. By contrast, autosomal killers typically form 
close to the centromere. 

Mechanism. There has been tremendous progress over the past 20 years in 
our mechanistic understanding of how some selfish genes work. We now 
have atomic-level structural models of homing endonucleases bound to 
their recognition sites, and detailed molecular models of many steps in vari- 
ous transposition pathways. For imprinting, we now know that differential 
methylation of DNA plays a key role. But for many classes of selfish genes 
we have no idea at all how they work at the molecular level (e.g., Medea fac- 
tors in beetles, gametophyte factors in plants, SR, X*, B chromosomes, and 
the various systems of genomic exclusion). 

It is also true that the more we know about molecular mechanisms, the 
more we wish to know. Now that we know that genomic imprinting in- 



Figure 12.1 The size of selfish genetic elements. The size (or range of sizes) shown indi- 
cate the linkage group that is transmitted selfishly as a unit, rather than the size of the 
causal genes (which is unknown for many cases). For example, in genomic exclusion the 
size of the haploid genome is given rather than the size of the genes within it that cause 
drive. Thus the size indicates the extent of DNA within which mutations increasing 
drive are positively selected. 
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volves the application, maintenance, and reading of epigenetic imprints, we 
want to know the interactions between the components of this system, and 
how they may conflict. Now that we know about the genes involved in SD, 
we want to know how they manage to affect only half the sperm, or for the 
genes involved in CMS, how they manage to affect only pollen production 
rather than any other aspect of development. Now that we know about 
HEGs binding to DNA, we want to know how to design novel HEGs, and 
perhaps use them for gene therapy or population genetic engineering. Un- 
derstanding the mechanistic bases of selfish action is important both in its 
own right and for what it reveals about the evolutionary processes that cre- 
ated the element. 

The last 20 years have also seen a great increase in the diversity of selfish 
genetic elements described. It is easy to predict that this trend too will con- 
tinue. New subclasses of transposable elements continue to be defined, and 
determined searches will surely uncover new instances of autosomal killers, 
neocentromeres, genomic exclusion, and so on. Imprinting-based conflicts 
may be extended to new taxa— filamentous fungi, for example, or eusocial 
insects— and new phenotypes— dispersal or conscious mentation. And what 
about well-known phenomena with a selfish aspect that has not yet been ap- 
preciated? For example, we nominate rDNA as a prime candidate for func- 
tional DNA that may also have a selfish component. Multiple copies are 
spread around the genome and their number varies greatly between species 
(being positively associated with genome size). The effect on host function 
of a new mutation in one of those copies seems likely to be small, and bi- 
ased gene conversion may therefore be particularly important in the fate of 
new mutations. And rDNA is also known to invade selfish elements such as 
B chromosomes and germline-limited DNA. 

Are there any more completely new classes of selfish genes to be discov- 
ered? The answer to this question depends partly on what we mean by 
"completely new." The fact that some important new categories— such as 
maternal effect killers and androgenetic elements— were only discovered in 
the past 15 years suggests that many surprises await us in the future. We have 
suggested novel ways that sex chromosomes may drive by exploiting facul- 
tative sex ratio adjustments. To complement the gamete killers and mater- 
nal effect killers, perhaps someone will one day describe a sibling killer— 
a gene that kills diploid siblings that do not carry a copy of itself. And sex- 
linked maternal effect killers ought to be found in viviparous female- 
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heterogametic species (e.g., snakes). It is also somewhat mysterious why no 
killer B chromosomes have yet been discovered with poison-antidote sys- 
tems analogous to those found in bacterial plasmids, or why there are no 
transposable elements that self-splice at the RNA or protein levels. Perhaps 
one day these too will be described (or their absence explained). Likewise, 
we would be surprised if selfish X effects toward relatives were not discov- 
ered because the X chromosome is usually robust in size and gene content, 
unlike mtDNA and, often, Y chromosomes. 



Selfish Genes and Sex 

One feature that virtually all selfish genetic elements have in common is a 
reliance on the host being sexual— indeed, selfish genetic elements have 
been described as the original sexually transmitted diseases. The host mat- 
ing system is also important, in particular whether inbreeding or outcross- 
ing predominates, though the effect varies for different classes of selfish ele- 
ment: some types of selfish element spread faster and persist longer in 
outcrossed species, while others do better in partially inbred species. Selfish 
genes are also expected to affect the processes of sexual selection, though 
such effects have as yet been little studied. 

Sex versus asex. For some types of selfish genetic element, their depend- 
ency on the host being sexual is obvious. One cannot exploit an asymmetry 
of meiosis if there is no meiosis. One cannot get ahead by killing gametes 
with the alternative allele if there are no gametes, and one cannot act on mi- 
nority kinship relations if the genome is transmitted en masse and kinship re- 
lations are uniform across the genome. 

But the importance of sex goes beyond these obvious effects. Even trans- 
posable elements and B chromosomes, which can accumulate in mitotic 
cells, will not be able to persist in a wholly asexual lineage if they are harm- 
ful to the host organism. In such a lineage the entire genome is transmitted 
intact from one generation to the next and acts as the unit of selection. If 
there are selfish genetic elements within a clonal species, different lineages 
will inevitably be differentially burdened and there will be selection among 
lineages for those that are less burdened. In lineages with particularly active 
elements, the frequency of the element may increase over generations, but 
those lineages will gradually disappear from the population, replaced by 
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those with less active elements. It is possible for transposable elements to 
persist indefinitely in asexual species, but only if they are good for the lin- 
eage. Such elements would not attract the evolution of suppressors and it 
would be inappropriate to call them selfish. Sequences homologous to 
transposable elements have been found in the putatively ancient asexual 
bdelloid rotifers, but whether they are still mobile is not yet known. 

The same logic also applies to the evolution of transposition mechanisms 
within sexual species. It is easy to imagine a gene encoding a protein that 
recognizes the gene and makes tandem copies of it, one beside the other. 
Such a gene might expand to tens, hundreds, or thousands of copies at a sin- 
gle site, but selection will drive the gene array extinct unless the copies are 
either useful to the organism or get separated from each other by meiotic re- 
combination. Hence, the only transposable elements we see are those that 
make daughter copies that are dispersed away from the parent copy. 

The inability of selfish elements to spread through an asexual population 
also probably explains why nuclear genes impose uniparental inheritance 
on their organelles, with one sex (usually the males) sometimes sabotaging 
their own mitochondria so they do not get transmitted to the offspring. 
Uniparental inheritance reduces the risk of transmitting a fast-replicating 
but otherwise defective organelle (though it generates conflicts over sex allo- 
cation as a side effect). A requirement for sex also explains why a selfish 
plasmid of slime mold mitochondria has evolved to reimpose biparental in- 
heritance (Kawano et al. 1991). 

Inbreeding versus outcrossing. In many respects complete selling is like 
asexuality, and we expect it to be similarly inhospitable to selfish genetic ele- 
ments. This is most easily seen for selfish elements like the t haplotype or 
HEGs that drive only in heterozygotes, and so anything that reduces the 
frequency of heterozygotes— like inbreeding— reduces the importance of drive. 
All else being equal, these types of selfish element will spread more rapidly 
through outcrossed populations than through inbred ones, and this effect 
has been experimentally demonstrated for a HEG and a plasmid in yeast. 
Reducing the risk of acquiring new selfish elements may even be an impor- 
tant reason for yeasts to prefer to inbreed. Ironically, the very efficient in- 
breeding system in yeast depends on a system of mating type switching that 
itself depends on a domesticated HEG. By reducing the importance of 
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drive, inbreeding also selects for less active (i.e., more benign) elements, in- 
sofar as there is a trade-off between drive and the harm done to the host. 

The distribution of selfish elements as a function of host breeding system 
has been best studied for B chromosomes in flowering plants. Outcrossed 
species are much more likely to carry a B than inbred species. Indeed, the 
theory and data are sufficiently compelling that any exception— any highly 
inbred species carrying a B— is a promising candidate for a beneficial B. 
More speculatively, we have suggested that DNA transposons and LINE el- 
ements are absent from baker's yeast because they are too harmful to persist 
in such an inbred species. The LTR retroelements that do exist in yeast are 
unusual in having complex adaptations to target safe havens in the genome 
where they are less likely to cause harm. For other classes of selfish genetic 
element, the association with breeding system is less clear, and there may 
even be suggestions of the opposite trend. Podospora anserina is a pseudo- 
homothallic fungus that readily selfs in the lab and presumably is highly in- 
bred in nature, yet it has an abundance of HEGs and spore killers. Both 
these types of element usually have minimal effect on the host and so may 
be expected to go to fixation, even in highly (but not exclusively) inbred 
species. They may then degenerate for lack of anything to target. Perhaps by 
reducing the effectiveness of drive, inbreeding delays the degeneration of 
these selfish genes and increases their persistence times, making them more 
abundant. 

The mating system also interacts in interesting ways with selfish elements 
that alter the sex ratio. Inbreeding typically selects for a female-biased sex 
ratio, and so in principle could select for autosomes that favor driving X 
chromosomes. The best-studied cases of driving sex chromosomes occur in 
outcrossed species (flies, mosquitoes, and lemmings), and so are counter- 
selected by autosomes. But some inbred spiders have driving X chromo- 
somes, though whether this drive is controlled by the X or the autosomes 
(or both) is unknown. Some taxa with paternal genome loss (PGL) are in- 
bred, and the system may initially have evolved in male heterogametic an- 
cestors precisely in order to produce more daughters. Indeed, it is theoreti- 
cally possible in this case that the genes initially involved were on the 
paternal genome and excluded themselves— not so much selfish genes as 
self-sacrificial genes. 

CMS genes are also expected to be more successful in (partially) inbred 
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species, but not because they produce a female-biased sex ratio (though they 
do that as well). Rather, it is because they are selected to abort pollen pro- 
duction if there is any level of selfing and inbreeding depression, whereas 
nuclear genes only favor aborting pollen if the selfing rate and inbreeding 
depression are both substantial. Here we have a selfish gene manipulating 
the host breeding system, and this manipulation has knockon effects for the 
spread of virtually all other types of selfish genes. Consistent with expecta- 
tions, CMS appears to be most common in partially inbred species and rare 
in self-incompatible species, though careful comparative work is needed to 
verify this conclusion. Gametophyte factors in plants also seem more likely 
to get established in partially inbred species than in obligately outcrossed 
ones, though there is no data yet to test this possibility. 

Conflicts among the genes in an organism over inbreeding and outcross- 
ing are expected to be common, though as yet we have no direct evidence. 
Thus, in animals, the costs and benefits of inbreeding are expected to differ 
between X, Y, and autosomes, and between maternally and paternally de- 
rived genes, with their relative proclivities reversing between males and fe- 
males. Whether such conflicts have led in fact to interesting evolutionary 
dynamics is as yet unknown. The recent demonstration of imprinting being 
involved in MHC detection by women may give some clue about what is 
possible. 

Prokaryotes versus eukaryotes. The importance of sex in the evolution of 
selfish genetic elements can also be seen by comparing prokaryotic and 
eukaryotic genomes. We have not reviewed in this book the bewildering ar- 
ray of mobile genetic elements found in bacteria, and evolutionary under- 
standing of these elements lags behind that for eukaryotes. Nevertheless, 
one apparent difference is that the relatively clear distinction in eukaryotes 
between stable Mendelian genes that benefit the host and mobile driving 
genes that harm the host does not apply to prokaryotes. Bacterial plasmids 
not only carry genes needed for their own transmission but also contain 
genes that are clearly beneficial to the host organism. These tend not to be 
essential housekeeping genes, but instead those whose benefit is ecologi- 
cally contingent. The same applies to bacterial transposable elements. It is 
possible that the relatively limited opportunities for these elements to trans- 
fer from one cell to another— the bacterial equivalent of drive— mean that 
purely selfish elements that never help the organism are often unable to 



460 



Summary and Future Directions 



spread and persist in populations. In eukaryotes, regular sex means that such 
elements are able to persist, and, we suggest, puts such a premium on drive 
that the increased bulk needed to encode a host-benefiting gene is usually 
selected against. 

This distinction between prokaryotes and eukaryotes is not absolute. Some 
eukaryotic transposable elements may have evolved promoters that func- 
tion to occasionally produce a beneficial mutation. Some pathogenic fungi 
have B chromosomes with host-specific virulence genes, and some yeasts 
have RNA replicons encoding toxins that kill other yeast cells. And bacte- 
ria have both retrohoming group II introns and HEGs, which may be 
truly selfish. Interestingly, the group II introns are typically associated with 
the more mobile fraction of the bacterial genome— the plasmids and trans- 
posons. And bacterial HEGs usually target stable housekeeping genes but 
are found in bacteria with unusual sexual systems— in archaea that have cell 
fusion, for example, and in mycobacteria with their unusual form of chro- 
mosomal conjugation. There is also some evidence that HEGs can be bene- 
ficial to bacterial cells in mixed cultures, perhaps by killing competing bac- 
teria that do not contain the gene (rev. in Burt and Kaufopanou 2005). 

The evolution of meiosis. Compared to the unidirectional modes of gene 
transfer typically found in bacteria— transformation, transduction, and con- 
jugation—the preeminent feature of eukaryotic sex is the regimented sym- 
metry and fairness (usually) of Mendelian segregation. It is easy to imagine 
that these features evolved to contain selfish genetic elements and promote 
genes that benefit the organism, but we know so little about the evolution 
of meiosis that it is impossible to be more definite until we learn more 
about the underlying molecular machinery. What we do know is that one 
fundamental component of meiosis, recombination, in fact produces its 
own weak form of drive: biased gene conversion. Sequences at which re- 
combination is initiated are lost as a by-product of the process, giving re- 
combinophobic sequences a transmission advantage. For this reason there 
can be conflicts between cis- and trans-acting components of the recombina- 
tional machinery, and recombination is likely to be something imposed on 
a DNA sequence rather than something it has evolved to attract. The result- 
ing dynamics may explain the gain and loss of recombinational hotspots 
and coldspots over evolutionary time. Though the mechanism does lead to 
conflicts, one can imagine this may be a more stable situation and healthier 
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for the host lineage than the opposite, in which recombinogenic sequences 
have a transmission advantage. 

Sexual selection. With sex comes sexual selection, but its role in the evolu- 
tion of selfish genetic elements remains mostly obscure. There are tantaliz- 
ing hints of some biases in mate choice. Male and female ; heterozygotes, 
who are most adversely affected by mating with another t mouse, are them- 
selves most averse to doing so. In confined conditions of crowding and high 
male-male competition with no chance to emigrate, t males do very poorly. 
Female D. pseudoobscura do not discriminate in their first matings but in 
later ones appear to avoid SR males. In stalk-eyed flies, males with driving 
Xs do less well in competition for mates than do those without. On the 
other hand, it is surprising that we have no good examples of attractiveness 
or success in male-male competition being negatively biased by possession 
of B chromosomes. In plants, a major form of drive occurs at the first pollen 
tube mitosis in grasses: Bs avoid the nucleus that constructs the pollen tube 
and land instead in the generative nucleus, so the B contrives to spread dur- 
ing a time of sexual selection. Do individuals with relatively more trans- 
posable element insertions (especially males) do less well in competition for 
mates? No one knows. 

Fate of a Selfish Gene within a Species 

When a selfish genetic element first arises in a species— whether it originates 
de novo inside the species or is acquired from another one— it will increase in 
frequency if it drives more than it harms the host. Once established in the 
species, the selfish gene may continue to increase in frequency all the way to 
fixation, or it may stop at some intermediate equilibrium frequency. Either 
way, the long-term fate of most selfish genetic elements is to go extinct. 

Fixation versus polymorphism. Elements go to fixation if, as they increase 
in frequency, the strength of drive continues to be greater than the harm 
they do to the host organism. Likely examples of such elements include fun- 
gal spore killers, maternal effect killers, gametophyte factors, and HEGs. 
Once an element is fixed in the population and there are no more suscepti- 
ble alleles, the phenotype associated with drive (e.g., killing or cleavage) dis- 
appears. Only in crosses with populations or species in which it has not 
gone to fixation does drive reappear. Some gamete killers in plants are 
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Table 12.2 Sources of frequency-dependent selection that prevent selfish elements 
from going to fixation 

Selfish Element Source of Frequency-Dependent Selection 

fhaplotype of mice Homozygous male sterile, and often homozygous 

lethal 
X* of lemmings Automatic negative frequency dependence because of 

sex ratio effect 
SR of flies The cost to the male of halving sperm number 

increases as males become less frequent; also 

negative homozygous fitness effects in females 
CMS genes of plants The cost to the plant of not being able to self-fertilize 

increases as pollen availability decreases 
PSR in wasps Automatic negative frequency dependence because of 

sex ratio effect 
Hybridogenetic hemiclones Frequency dependent mate choice by the parasitized 
of Poeciliopsis males 

Note: The frequency-dependent mate choice found in Poeciliopsis may not be general— e.g., it is 
not found in hybridogenetic water frogs. 



known only from interspecific hybridizations, and one possible explanation 
is that they have gone to fixation in one species but not the other. 

By contrast, if the strength of drive decreases as an element increases in 
frequency or as the harm done to the organism increases, the element may 
not go to fixation and instead may stop at some intermediate frequency. 
The t haplotype, for example, is homozygous male sterile, and often homo- 
zygous lethal, and so cannot go to fixation. Most sex ratio distorters also 
fall into this category, though the precise details differ in each case (Table 
12.2). Driving Y chromosomes in mosquitoes are an exception, for no such 
frequency-dependent effects have been found (in the absence of suppres- 
sors). And there is an ascertainment bias of unknown strength: were these 
elements to go to fixation, the population might go extinct, and so would 
not be available for study. 

For B chromosomes and transposable elements, there is no such thing as 
fixation: in principle they could increase indefinitely in copy number, un- 
til eventually they impose such a burden on their hosts that they drive the 
species extinct. Whether this ever happens is unknown, but increased ge- 
nome size in plants is associated with a high current risk of extinction. Cer- 
tainly there are many instances in which Bs and transposable elements reach 
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an intermediate abundance and do not increase in frequency any further. 
This failure to increase in numbers indefinitely must be due to the rate of 
drive decreasing with copy number, or the harm done to the host increas- 
ing. As it happens, there is evidence for both effects in both classes of 
element. 

Selfish elements that do not go to fixation and instead come to an inter- 
mediate equilibrium often impose a significant genetic load on the popula- 
tion and attract the evolution of suppressors. Strikingly, the evolution of 
suppressors can, in some circumstances, lead to an increase in the frequency 
of the selfish element. In the case of CMS, the spread of a nuclear restorer 
gene increases pollen supplies, which could allow the CMS gene to increase 
further. Similarly, the spread of a suppressor of X chromosome drive would 
increase the number of males, which could allow the driving X to increase 
in frequency— even to fixation, with the suppressor then following behind. 
Alternatively, under certain conditions, both selfish genes and suppressors 
may remain polymorphic. For CMS, it is common to have several sterile 
cytotypes present in a single population, each with its different nuclear re- 
storers, all maintained by complex frequency-dependent selection. 

Extinction. Whether a selfish genetic element goes to fixation in a popula- 
tion or remains at some intermediate equilibrium frequency, over the long 
term it will almost certainly go extinct within that species. If such extinc- 
tions did not occur, all species would have many more selfish genetic ele- 
ments than they do. The longest known cases of continuous activity within 
a host lineage are the Rl and R2 LINE elements of insect rDNA, which 
have been vertically transmitted with their hosts for hundreds of millions of 
years. But these are exceptional— most other selfish elements die out much 
more quickly. 

The reasons these elements go extinct are varied and poorly understood, 
but may often be a by-product of how the element works. First, there is the 
problem of being too successful in the short term and going to fixation. An 
autosomal killer that goes to fixation has no susceptible alleles left to attack, 
and so there is no longer selection for killing. The killing function may then 
degenerate over evolutionary time, either because it imposes some cost on 
the organism or simply due to mutation pressure. Much the same consider- 
ations apply to HEGs, and defective elements are indeed commonly ob- 
served. In principle HEGs could persist by occasionally moving to a new lo- 
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cation in the genome, but this would require a complex set of mutations 
and is apparently very rare. By contrast, the t haplotype cannot go to fixa- 
tion, and so there are always susceptible alleles to attack, and the purifying 
selection maintaining the killing function continues. Had £been more "suc- 
cessful" in the short term and gone to fixation, it probably would not have 
lasted for 3my (and counting) as a functioning entity. 

Another likely reason for selfish elements to go extinct is that they accu- 
mulate their own parasites— defective versions of the element— that swamp 
out the functional ones. This effect may be especially important for trans- 
posable elements. For example, in most populations of D. melanogaster, de- 
fective P elements outnumber intact ones. They may have a higher transpo- 
sition rate than intact elements, and their accumulation raises the cost of 
the intact elements and could drive them extinct. LTR retrotransposable ele- 
ments also spin off parasitic nonautonomous elements. LINE elements 
have partially solved the problem because the protein has evolved a ten- 
dency to copy the mRNA molecule from which it was synthesized, though 
this tendency is not perfect, and LINEs still have their parasitic SINEs. The 
accumulation of such parasites may explain why many genomes, including 
our own, contain fossil elements that once were active and no longer are. 
And the effect is not limited to transposable elements: AblO of maize 
has presumably suffered from the proliferation of nonautonomous knobs 
throughout the genome. 

Another possible cause of extinction is suggested by the t haplotype, 
which, as we have indicated, spans a region including some 300 host genes, 
bound together by 4 inversions. These inversions are beneficial in the short 
term because they tie together the various components of the element. In 
the longer term, because they restrict recombination with the wildtype chro- 
mosomes, selection on the 300 host genes is less effective, leading to the ac- 
cumulation of deleterious mutations and the failure to incorporate new 
beneficial mutations. The sharp reduction of MHC variability on the t is 
one such possible cost. Over time, the reduced efficacy of selection could 
lead to the slow degeneration of the entire haplotype and its loss from the 
population. 

Finally there are the host genes that are resistant to or suppress the activ- 
ity of the selfish gene. As we have seen, in some circumstances the presence 
of one of these genes can lead to a short-term increase in the frequency of 
the selfish one. But if the suppressor completely abolishes drive and goes to 
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fixation, regardless of the short-term effect, the long-term effect is for the 
selfish genetic element to disappear. Before then, there may be a phase in 
which it is only visible in hybridizations— as sometimes occurs with driving 
X chromosomes in flies and CMS genes in plants. 



Movement between Species 

Selfish genes can differ from their hosts not only in the direction of selec- 
tion but also in their phylogenetic histories. This is because many selfish ge- 
netic elements are able to move between host species. They can do this by 
introgression from one species to another via species hybrids; in addition, 
some (small) elements are capable of much more distant horizontal trans- 
fers, though how they manage such a transfer is not usually known. 

Hybridization. Because drive is such a powerful force, we imagine that a 
selfish gene that arises in one species will eventually colonize most or all 
other species that can hybridize with the original one. The t haplotype, for 
example, is found in 4 species of mice that diverged 0.5-lmya, but the t's 
themselves diverged only about O.lmya. Presumably a beneficial mutation 
occurred in the t of one species and then spread through the others; the mu- 
tation may have increased the rate of drive or it may have been in any of the 
300 host-benefiting genes in the complex. In either case, movement would 
have occurred by hybridization between species, followed by backcrosses. 
For those selfish elements that attract the evolution of host suppressors, 
these suppressors will not initially be present in the recipient species but 
may be transferred in subsequent hybridization events. 

For any gene, selfish or otherwise, the phylogenetic distance that it can 
move by hybridization is relatively restricted, as the hybrid must be viable 
and fertile in order for movement to be possible. One selfish element that 
is exceptional in this regard is PSR, the male-limited B chromosome of 
Nasonia and other haplodiploid wasps. This chromosome is active in the 
fertilized zygote and eliminates all paternally derived chromosomes except 
itself, thus causing the zygote to develop into a haploid PSR-bearing male. 
A PSR-bearing male that mates with a female of another species produces 
PSR-bearing males of the second species, not hybrids. The limits of its 
movement thus depend on the extent of (occasional) mating between spe- 
cies. One wonders whether PSR might even have evolved to make males 
less discriminating about the species affiliation of the females they approach. 
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In any case, tracing the evolutionary history of this chromosome (and oth- 
ers like it) should be very interesting. 

Hybridization can be involved in the birth of a selfish element as well 
as its introduction into a new species. Some B chromosomes, for example, 
are thought to have originated from hybridization events. Hybridogenetic 
hemiclones currently rely on interspecific hybridization events to drive, but 
in this case it is unclear whether drive originated with the hybridization, or 
whether there was a previous phase of drive within one species that went to 
fixation. 

Horizontal transfer. Transposable elements and HEGs are capable of 
moving between much more distantly related host taxa than would be pos- 
sible by hybridization— between orders, phyla, even kingdoms. It is not 
known how they do this. In some cases, perhaps the element is occasionally 
released into the environment by a dead or dying cell and then taken up by 
another organism and incorporated into the genome; in others, some vec- 
tor might be used such as a virus or a predatory mite. Whatever the mecha- 
nism, such transfers allow a selfish element to outlive the host species in 
which it first arose, and even to persist for hundreds of millions or billions 
of years. Within each host lineage there may be a perpetual evolutionary cy- 
cle of acquisition, fixation, degeneration, and loss, followed by reacquisi- 
tion. As long as an element transfers to a new species at least once before de- 
generating in the old species, it will persist indefinitely. 

The frequency of horizontal transmission varies widely among the dif- 
ferent classes of element. DNA transposable elements might be expected 
to transfer readily because they have an extrachromosomal phase in the 
transposition reaction during which the element is associated with the trans- 
posase protein, at which time it can be inserted into any available chromo- 
some. HEGs, by contrast, are never associated with their protein and are 
never separated from the host chromosome. Among retro transposable ele- 
ments, those with LTRs might transfer readily because they make a capsid 
(and some even an envelope), whereas LINE RNA is less well protected. An- 
other important parameter is the specificity of requirements for host factors. 
P elements, for example, are active in only a restricted set of dipteran insects 
and so have more limited opportunities for horizontal transmission than 
mariner elements, which have been experimentally transferred across king- 
doms. For HEGs, whether they work in a new species depends in part on 
whether they recognize the appropriate target sequence. This requirement 
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explains why they preferentially target well-conserved parts of the genome 
and why some ignore synonymous sites in the target sequence. 

One important factor affecting the likelihood of a potential host acquir- 
ing a selfish element by horizontal transmission is the accessibility of the 
germline. Organisms like yeast that take up DNA from the environment 
and incorporate it into their genome presumably have a high propensity for 
acquiring selfish genes. Species with distributed germlines (plants and some 
animals) are presumably more susceptible than those with segregated germ- 
lines. The combined difficulties of no extrachromosomal phase and segre- 
gated germlines may explain why HEGs have not been discovered in insects 
or vertebrates. 

Wide horizontal transmission by some means other than hybridization 
may also occur in other selfish genetic elements, though there is as yet no 
direct evidence. The spore killers of ascomycete fungi are one plausible ex- 
ample, based on an easily accessible germline and an apparent need for hor- 
izontal transmission, given that they are expected to fix and then degenerate 
within species. CMS genes also might be expected to show horizontal trans- 
mission, given that normal host-benefiting mitochondrial genes do so. By 
contrast, it is difficult to see how a selfish element like the t haplotype, with 
its constituent genes scattered in among 300 host genes, could transfer to a 
fly, a fish, or even another Mus species if it was not able to hybridize. The 
same could be said for all but the smallest B chromosomes. 

Besides allowing selfish elements to persist over long evolutionary time- 
spans, horizontal transmission also allows them to diversify as they adapt to 
their separate gene pools. As a result, if these elements come back together 
again in the same species, they may coexist rather than exclude each other. 
As a consequence, there can be more than one active retrotransposable ele- 
ment, for example, in a single host species. Indeed, all selfish genes using re- 
verse transcriptase are thought to be derived from a single element that 
diversified into the multiple types observed now (e.g., group II introns, 
LINEs, and LTR elements). Most DNA transposons fall into one of several 
ancient and widespread families, as do all HEGs. 



Distribution among Species 

Selfish elements are not uniformly distributed across species but typically 
occur in some groups rather than others. Only a small part of this varia- 
tion is understood. As we noted earlier, obligately outcrossed plants are 

468 



Summary and Future Directions 



more likely to suffer from B chromosomes but appear less likely to have 
CMS. Such breeding system effects can be expected for virtually all other 
types of selfish element. An easily accessible germline is probably a risk fac- 
tor for selfish genes that move between species (HEGs and transposable ele- 
ments). Somatic cells and tissues may afford some protection from these 
but allow gonotactic selfish genes (e.g., neocentromeres and B chromo- 
somes) to spread. Yeasts are immune to such elements because they have no 
somatic cells to avoid— not even polar bodies at meiosis. By contrast, the 
first pollen grain mitosis, which produces a generative nucleus that is inac- 
tive during pollen tube competition and a somatic nucleus that is highly ac- 
tive, represents a perfect opportunity for B gonotaxis and it has been ex- 
ploited numerous times, especially in the grasses. A deeper analysis of the 
opportunities for gonotaxis in different lineages would be most welcome. 

For other classes of selfish gene, hosts with well-developed family lives are 
most susceptible. Maternal effect killers are expected whenever the death of 
a juvenile can help a parent or sibling. And if degrees of relatedness differ 
for the maternal and paternal genomes— as often they will— parent-specific 
gene expression and genomic imprinting is expected to evolve. Thus we 
expect to find imprinting in mammals and flowering plants (as we do) 
and also in ants, in species with diploid-on-haploid lifecycles, and in spe- 
cies with intimate male care of offspring (e.g., pipefishes and seahorses). 
For these latter groups we have no knowledge one way or the other. Im- 
printing can also evolve in other contexts, as in paternal genome loss in 
scale insects. 

Much else remains unknown. For example, Bs are more common in 
plants with larger genomes and fewer chromosomes, and in mammals with 
a higher percentage of acrocentric chromosomes; only for the last do we 
have a theory (based on centromeric drive) that would predict this asso- 
ciation. 

Some types of selfish element are less widespread than might be expected. 
Why, for example, have nuclear plasmids only been reported in yeasts? And 
sex chromosome drive seems surprisingly uncommon, given the relative 
ease with which it is detected. Gamete killer sex chromosomes have thus far 
only been found in the Diptera. We have suggested that this may be because 
the sex chromosomes are often active in meiotic cells (unlike in mammals), 
but this is just a speculation. And we have no idea why some Drosophila spe- 
cies show X drive while others do not. The X* strategy in lemmings would 
seem to work in many other species with strong maternal compensation and 
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it is perhaps surprising that we do not have more examples. On the other 
hand, the analogous Y* system in some other murids taxes our ability to ex- 
plain its evolution anywhere. 

For paternal genome loss in males, we have theories for how it may have 
been favored by inbreeding and local mate competition— or, conversely, 
outbreeding plus bacterial endosymbionts!— but evidence does not yet clearly 
favor either system of logic. For other systems of genomic exclusion, we 
have no clue as to what causes the known taxonomic distribution. Why do 
our examples of hybridogenesis come from particular groups offish, frogs, 
and stick insects? Because they happened to be discovered first in these 
groups (but are, in fact, broadly distributed) or because these groups share 
something else in common? 

Humans and mice make for an interesting comparison, as 2 well-studied 
mammals. For reasons that are not clear, mice have more selfish genetic ele- 
ments than humans: 1 gamete killer (t) versus 0; 3 likely maternal effect kill- 
ers (HSR, scat, and Om DDK ) versus 0; at least 3 different families of LTR 
retrotransposons known to be active (IAPs, ETns, and MaLRs) versus 0; and 
about 30 times more LI LINE inserts that are active. One can only specu- 
late at this point on an explanation for the difference— possibilities include 
the larger population size of mice; or the fact that they are a complex of 4 
occasionally hybridizing sibling species compared to 1 relatively homoge- 
neous species. Or, maybe selection at the host level is stronger against 
selfish genes in humans— perhaps because our complex nervous system is es- 
pecially sensitive to the genetic defects, such as aneuploidy, that selfish ele- 
ments may generate (Crow 1982), or perhaps because, being larger and 
longer-lived, we are more at risk from somatic mutations and cancer 
(Gifford and Tristem 2003, Leroi et al. 2003). 

Some selfish genetic elements are relatively easy to detect, and therefore 
suitable for obtaining large datasets on their distribution. Traditionally, B 
chromosomes and CMS genes have been the easiest. More recently, PCR 
and complete genome sequencing have made transposable elements and 
HEGs relatively easy to find. Others are more difficult. It is not usually ob- 
vious whether half the sperm are defective in 5% of the males of a popula- 
tion, or whether there is a neocentromere active only at meiosis in 5% of the 
females. And we do not yet know what gamete killers, maternal effect kill- 
ers, or gametophyte factors look like in a genome sequence— neither active 
ones nor fossil remnants. 
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Role in Host Evolution 

The immediate, short-term effects of selfish genetic elements on their host 
organisms are negative, but the amount of harm varies widely. P elements of 
D. melanogaster are particularly active, and our best estimate is that, if all P 
elements were magically eliminated, fitness would increase by perhaps 10%. 
Removing all other transposable element families would raise fitness only 
by another 2%. A t haplotype at 5% frequency also reduces mean fitness by 
about 2% (assuming heterozygous fitness is reduced 20%). Because frequen- 
cies vary widely among populations (0-70%), the average cost also varies 
widely. Similar calculations can be done for other selfish elements, and 
loads of a few percent are not unusual. The VDE HEG of yeast, on the 
other hand, imposes no detectable cost at all (< 1% in the laboratory). 

These effects on mean fitness are not to be confused with effects on pop- 
ulation productivity. For elements that produce female-biased sex ratios 
(driving X chromosomes, CMS, PGL, hybridogenetic hemiclones), produc- 
tivity may even be enhanced. By contrast, selfish genes that target female 
function, either directly (Y drive) or indirectly (androgenesis), seem most 
likely to reduce population productivity and perhaps even to cause popu- 
lation extinction. The androgenetic Cupressus dupreziana is down to 231 
highly homozygous trees, with each hermaphrodite achieving only about 
10% seed set. 

In addition to their immediate costs for the host organism, selfish ge- 
netic elements can also have longer-term consequences for host adaptation. 
Transposable element insertions that are slightly deleterious may nonethe- 
less become fixed in the population by chance or hitchhiking; likewise, nu- 
cleotide changes that are slightly deleterious may become fixed by biased 
gene conversion. In principle, such effects could lead to a slow evolutionary 
degeneration. Indeed, it has been suggested that the accumulation of trans- 
posable element insertions over millions of years has led to a bloating of the 
genome that may have driven some salamanders stupid and put many 
plants on the Red List, as well as some mammals and reptiles. Further analy- 
sis of these suggested effects, both empirical and theoretical, would be most 
welcome. 

The long-term consequences of selfish genetic elements can also be bene- 
ficial to host adaptation. Again, transposable elements are the most relevant 
class. In our own species, insertions appear occasionally to produce bene- 
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ficial mutations, which then (with the help of conventional natural selec- 
tion) can raise the fitness of the entire population. We cannot rule out the 
possibility that most of the 4 million insertions in our genome that have ac- 
cumulated over the last 200 million years have gone to fixation because 
they were beneficial to the host. A much larger set of insertions had deleteri- 
ous effects and were promptly eliminated. 

Occasionally, further long-term benefits to the host lineage can come 
from co-opting or domesticating the biochemical capabilities of selfish ge- 
netic elements. The best-understood example is the mechanism for mating 
type switching in yeast, but other likely examples include the adaptive im- 
mune system of vertebrates and telomere synthesis in both Drosophila and 
eukaryotes more generally. On a smaller scale, a P element insertion at the 
tip of the X chromosome of D. melanogaster appears to have been recruited 
by the host because it interferes with normal .P-element activity. 

Selfish elements can also play an important role in host evolution insofar 
as the host evolves mechanisms to suppress the elements, and then those 
mechanisms are co-opted for other purposes. DNA methylation is one oft- 
cited example of a gene regulatory mechanism that may originally have 
evolved to suppress transposable elements and subsequently became more 
widely used to control host gene expression during development. If so, 
methylation has also been co-opted back by selfish genes— possibly by trans- 
posable elements to regulate their own activity, and certainly by genes in- 
volved in genomic imprinting to manipulate expression levels across the 
generations. Methylation also introduces a mutation bias from C to T, 
which may select for a compensating bias in DNA repair from A and T to G 
and C, with knockon consequences for biased gene conversion. The long- 
term effects of selfish genes on host adaptation, like their effects on popula- 
tion productivity, may be varied and may be either positive or negative. 

Selfish genetic elements are also expected to play an important role in the 
evolution of host genetic and sexual systems, although the data are as yet 
more suggestive than compelling (Table 12.3). Mutation, recombination, 
ploidy, sexual systems, uniparental inheritance, and germline development 
are all features that selfish elements may, one way or another, have in- 
fluenced. Testing these ideas is critical to a deeper understanding of the 
subject. 

Finally, phenotypic effects aside, selfish genetic elements can have pro- 
found long-term effects on the host genome. About half of our genome 
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Table 12.3 


Host features that may have evolved as a result of selfish genetic activity"" 


Feature 


Hypothesis / Scenario 



GENETIC AND SEXUAL 

SYSTEMS 

Meiosis 

Mutation 



Recombination 



Diploid-on-haploid 
lifecycles 

Male haploidy 

Gynodioecy 
Dioecy 



Sex-determining systems 



Sex chromosome systems 



Mating type switching 



Early evolution may have been influenced by the need to 
reduce the transmission of selfish genetic elements. 

Diverse effects possible, a. Transposable elements can greatly 
increase the frequency of certain classes of mutation 
(especially duplications, deletions, and rearrangements). 
Most will be harmful, but some may be beneficial, b. Lower 
mutation rates (e.g., fidelity of DNA polymerases, repair 
systems) can be selected to reduce the likelihood of selfish 
cell lineages arising, c. Methylation increases the mutation 
rate (C->T). 

Diverse effects possible, a. Distribution of hot- and coldspots in 
the genome and the molecular machinery that initiates 
recombination may evolve under the influence of biased 
gene conversion, b. t haplotype reduces recombination by 
the evolution of inversions, c. Maize neocentromeres 
increase recombination to increase the chance of a single 
crossover between themselves and the centromere, d. The 
ENS2 HEG of yeast increases rates of recombination in the 
mitochondrial genome as a by-product of its imprecise 
recognition capabilities, e. Transposable elements may select 
for mechanisms preventing ectopic recombination between 
homologous sequences at different sites in the genome. 

Paternally imprinted genes may be selected to cause diploid 
tissue to proliferate at the expense of the haploid mother 
(e.g., ascomycetes, mosses, and red algae). 

May evolve by maternal genes excluding paternal 
chromosomes in males. 

A direct result of CMS genes. 

CMS genes may select for nuclear genes that masculinize the 
hermaphrodite; at the limit there are separate males and 
females. 

X* of lemmings acts by converting males to females. More 
generally, any driving sex chromosome that produces skewed 
sex ratios may select for compensatory mutations that 
convert what would normally be a female into a male, or vice 
versa. 

Some sex chromosome systems may be more prone to selfish 
sex ratio distorters than others, and so are less likely to persist 
over evolutionary time (e.g., female heterogamety with 
viviparity, XO female heterogamety). 

Evolved by the domestication of a HEG in saccharomycete 
yeasts. 
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Table 12.3 


(continued) 




Feature 




Hypothesis / Scenario 



Uniparental transmission of 
mitochondria and 
chloroplasts 

Paternal transmission of 
mitochondria 

DEVELOPMENT 
Methylation and RNAi 



Germline development 



Somatic development 

Early switch from maternal 
to zygotic control of 
development 

Placentation 



Adaptive immune system 

THE GENOME 

Genome size 

Karyotype shape 



Telomeres 
Centromeres 

Holocentric chromosomes 



GC content 

Dispersed repeat structure 
Minisatellite repeat structure 
Nuclear introns and 
spliceosomes 



Organelles with selfish mutations (e.g., that cause them to 
replicate fast but otherwise render them defective) may select 
for nuclear genes that destroy the organellar DNA from one 
parent, thus imposing uniparental inheritance. 

CMS genes may select for nuclear genes that destroy maternal 
mitochondria and instead transmit paternal mitochondria. 

May have evolved to suppress transposable elements; now also 
used to control development. Methylation increases the 
C-*T mutation rate, and so selects for biased gene 
conversion (A,T^*G,C). 

Mutations that increase cell proliferation rates but are harmful 
if transmitted to the offspring will select for segregated 
germlines in which germ cells migrate through the body and 
whose replication depends on both cell-autonomous and 
cell-nonautonomous factors. 

Many details of somatic development may have evolved to 
prevent cancer. 

Selection to suppress maternal effect killers may have 
contributed to the evolution of early switch in mammals. 

Evolution of mother-fetal interactions in mammals likely to 
have been influenced by maternal effect killers, gestational 
drive elements, and imprinted genes. 

Evolved by the domestication of a transposable element. 

Transposable elements, biased gene conversion, and drive at 

female meiosis all likely to play a role. 
Chromosomal rearrangements can arise because of 

recombination between transposable elements and may 

spread because of drive at female meiosis. 
Evolved by the domestication of retrotransposable elements. 
Rapid evolution may be driven by competition for inclusion in 

the egg at female meiosis. 
Meiosis-specific centromeres may select for mitosis-specific 

centromeres that can then expand along the whole 

chromosome. 
Evolves under the influence of biased gene conversion. 
Consists primarily of transposable elements. 
Evolves under the influence of biased gene conversion. 
Evolved from group II introns; now often used to control gene 

expression. 



* Many of these features are speculative; consult the relevant chapter for more details. 
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consists of transposable element fossils, and of which half are new since we 
diverged from mice 75mya. Differences in genome size in closely related 
species are usually due to the number of transposable elements or their fos- 
sils. And many chromosomal rearrangements that differ between species 
may also be the result of transposable elements, due either to ectopic re- 
combination between insertions at different sites or to mistakes by the vari- 
ous transposition mechanisms. Biased gene conversion can also have a per- 
vasive effect on the genome, molding its size, GC content, and minisatellite 
repeat structure. And selection at female meiosis to avoid polar bodies can 
lead to the accumulation of neocentromeric sequences throughout the ge- 
nome (in maize and presumably other species); to the loss of "junk" se- 
quences (in Drosophila); and probably to the reshaping of the karyotype, 
from metacentric to acrocentric and back again (in mammals). Non-Mende- 
lian dynamics seem certain to play a leading role in the developing science 
of genome evolution. 

The Hidden World of Selfish Genetic Elements 

Perhaps nothing has impressed us more than the steady discovery of a vast, 
hidden world of selfish genetic elements inhabiting every species studied. 
From an evolutionary perspective, these elements are to a degree their own 
independent life forms, sometimes even with their own distinct evolution- 
ary histories, always with genetic interests that diverge from those of the rest 
of the organism. They are often the simplest of life forms— one or a handful 
of genes and perhaps some noncoding repeats (if even that)— simple enough 
that we may soon be able to create our own, simple yet with complex, rami- 
fying effects on the hosts they inhabit, both immediate and long-term. In 
our own species these effects include fundamental aspects of the genetic sys- 
tem itself— its size, organization, and degree of recombination— intense in- 
ternal conflict over early development, and later internal conflict over juve- 
nile and adult behavior. The unity of the organism is an approximation, 
undermined by these continuously emerging selfish elements with their al- 
ternative, narrowly self-benefiting means for boosting transmission to the 
next generation. The result: a parallel universe of (often intense) socio- 
genetic interactions within the individual organism— a world that evolves ac- 
cording to its own rules, as modulated by the sexual and social lives of the 
hosts and the Mendelian system that acts in part to suppress them. 
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Glossary 



A chromosome anything but a B chromosome, i.e., the usual chromosomes 

acrocentric a chromosome with the centromere near one end 

allele one of a set of alternative forms of a gene 

altruistic beneficial to others, costly to self 

androgenetic developing from 2 sets of paternal chromosomes due to the fusion 
of 2 sperm pronuclei 

aneuploidy having other than the basic complement of chromosomes (too many 
or too few) 

antisense RNA RNA complementary to a particular RNA transcript to which it 
can bind and block function 

apoptosis programmed cell death; usually beneficial to the larger organism 

autosome a typical chromosome other than a sex chromosome 

B chromosome extranumerary chromosome found in some individuals but not all 
(hence, unnecessary for normal development) 

BGC biased gene conversion, that is, gene conversion (see later) that occurs more 
frequently in one direction than in the other 

bivalent the figure produced by pairing of homologous chromosomes at the begin- 
ning of meiosis 

bp (base pair) abbreviation for the shortest unit length of DNA 

cDNA complementary DNA, formed by reverse transcription from an RNA tem- 
plate 

centriole a small body in animal cells that lies next to the nucleus. Usually there 
are 2 centrioles that serve as centers for spindle fiber formation 
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centromere the (constricted) region of the chromosome that becomes associated 
with spindle fibers during mitosis and meiosis and is important in movement of 
chromosomes to the poles 

chiasma (pi. chiasmata) the point at which homologous chromosomes remain at- 
tached after pairing has ceased in meiosis. These are sites at which there has been 
crossing-over 

chimera a multicellular individual in which different cells are derived from geneti- 
cally different progenitor cells (e.g., 2 or more zygotes) 

chromatid either of 2 structures that comprise the duplicated chromosome arms 
prior to the division of the centromere to form daughter chromosomes. Each 
chromatid becomes a chromosome after division of the centromere 

chromosome a linear array of genes physically linked together (along with associ- 
ated proteins) 

cw-acting locus a locus that affects the activity only of DNA sequences on its own 
molecule of DNA; usually noncoding 

CMS cytoplasmic male sterility in which a cytoplasmic factor (mtDNA) converts 
hermaphrodites into females 

compensation the replacement of nonsurviving offspring with additional off- 
spring 

cooperative beneficial to both parties 

CpG island A region of DNA with a relatively high density of CpG dinucleotides 
(i.e., C followed by G); often associated with the promoter region of genes 

crossing-over a process in which homologous chromosomes exchange distal seg- 
ments of a chromatid. Crossing-over involves breakage and physical exchange of 
segments, followed by repair of the breaks. Crossing-over is a regular event in 
meiosis but occurs only rarely in mitosis 

cytoplasm contents of a cell inside the plasma membrane but outside the nucleus 

deletion loss of a segment of a chromosome 

dioecious species with 2 separate sexes 

diploid having 2 sets of chromosomes 

direct repeats identical (or related) sequences present in 2 or more copies in the 
same orientation on the same DNA molecule; they are not necessarily adjacent 

disjunction movement of members of a chromosome pair to opposite poles dur- 
ing cell division 

dosage compensation mechanisms used to compensate for the discrepancy be- 
tween the presence of 2 sex chromosomes in 1 sex, but only 1 in the other 

drag less than 50% (sub-Mendelian) transmission into the next generation 

drift random change in gene frequencies in a population over time 

drive greater than 50% (super-Mendelian) transmission into the next generation 

ectopic recombination recombination between homologous sequences at non- 
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homologous sites in the genome, such as between 2 copies of a transposable ele- 
ment 

endonuclease an enzyme that cleaves DNA or RNA 

endosymbiont a species (or descendent of one) living inside another species 

enhancer a m-acting sequence that increases the utilization of a promoter, and so 
increases gene expression 

equational division the separation of a chromosome into daughter cells with com- 
plements similar to the parent cell. The term is used especially for the second di- 
vision of meiosis 

euchromatin region of an interphase chromosome that stains diffusely; "normal" 
chromatin, as opposed to the more condensed heterochromatin; associated with 
high gene number and expression 

eukaryote an organism composed of cells with nuclei. Eukaryotes include all or- 
ganisms except viruses, bacteria, and archaea 

exon segment of a gene (usually coding) that is represented in the mature RNA 
product, after splicing out of introns 

F! the first generation formed by crossing 2 parental lines 

fitness of a genotype, which equals the average number of offspring produced by 
organisms with that genotype 

fixation of a gene = 100% frequency 

gene a section of DNA coding for an RNA, which usually in turn codes for a pro- 
tein 

gene conversion process by which DNA sequence information is transferred from 
one DNA helix (that remains unchanged) to another (whose sequence is altered) 

gene pool all the genes (or DNA) in a sexual population 

genome all the genes (or DNA) in a cell or organism 

germline any lineage of cells potentially leading to gametes and the next genera- 
tion (as opposed to somatic cells) 

gynodioecious population consisting of females and hermaphrodites 

haplodiploid males haploid, females diploid 

haploid having a single set of chromosomes, that is, only 1 of each type of chromo- 
some 

HEG homing endonuclease gene, a class of selfish genes 

heterochromatin regions of the genome that are highly condensed and (mostly) 
transcriptionally inactive throughout the cell cycle. May be constitutive or facul- 
tative 

heterogametic producing dissimilar gametes with respect to the sex chromosomes 
(e.g., male mammals producing X and Y sperm). In contrast to homogametic, 
producing only one kind of gamete with respect to the sex chromosomes (e.g., 
egg cells in mammals) 
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heterokaryon a cell having 2 or more genetically nonidentical nuclei 

heteroplasmy presence of genetically different types of mitochondria or chloro- 
plasts in a single organism 

inbreeding mating between relatives 

intron segment of DNA that is transcribed but then removed from the transcript 
by splicing together the sequences (exons) on either side of it; typically non- 
coding 

inversion flipping of a segment of DNA within a chromosome 180° so that gene 
order is exactly reversed compared to wildtype 

inverted repeats two copies of the same DNA sequence in opposite orientation on 
the same DNA molecule 

karyotype the entire chromosomal complement of a cell or species, typically as vi- 
sualized during mitosis 

kb (kilobase) abbreviation for 1000 base pairs (bp) of DNA or 1000 bases of RNA 

knockout a mutation that deletes function of a gene entirely 

LINE abbreviation for long interspersed nuclear element; 1 of the 2 major classes 
of retrotransposable elements 

linkage loci are linked if they are located on the same chromosome; in general, the 
closer they are located, the less recombination there is between them (= tighter 
linkage) 

locus (pi. loci) the position of a gene on a chromosome 

LTR abbreviation for long terminal repeat; LTR retrotransposable elements are 1 of 
the 2 major classes of retrotransposable elements 

Mb (megabase) abbreviation for 10 6 bp of DNA 

meiosis division of diploid germ cells leading to the formation of haploid gametes 

metacentric chromosome having a centromere in the middle; more generally, bi- 
armed 

metaphase the stage of mitosis and meiosis at which the chromosomes are maxi- 
mally condensed and arrayed in a plane between the spindle poles 

metaphase plate the plane on which metaphase chromosomes are aligned. Equa- 
torial plate 

methylation modification (e.g., of DNA) by the addition of methyl groups (-CH 3 ) 

mitotype mitochondrial genotype (or genome) 

mtDNA mitochondrial DNA 

my/mya abbreviation for million years (ago) 

neutral having negligible selective effect 

nondisjunction the failure of chromosomes to separate properly in cell division 

NOR nucleolus organizing region, section of some chromosomes carrying rDNA 
devoted to production of rRNA and ribosomes (sometimes associated with a con- 
striction) 
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nucleolus structure in the nucleus where rRNA is synthesized and ribosomal sub- 
units are assembled 

ORF abbreviation for open reading frame; segment of DNA without stop codons 
and translatable into a protein 

outbreeding, outcrossing mating between unrelated individuals 

pachytene the stage in prophase of meiosis during which chromosomes are paired 
and somewhat shortened 

parthenogenesis formation of an embryo from an unfertilized egg 

PGL paternal genome loss; failure of paternal chromosomes to be transmitted to 
the next generation 

plasmid small circular DNA molecule that replicates independently of the main 
chromosomes 

prokaryote an organism that lacks a nucleus. Prokaryotes include bacteria and 
archaea 

promoter region of DNA to which RNA polymerase binds to begin transcription 

pseudogene a nonfunctional member of a gene family. Processed pseudogenes 
arise by reverse transcription of mRNA into DNA and subsequent ligation into 
the genome 

r (relatedness) the chance for any given gene that an identical copy is found in an- 
other individual by direct descent from a common ancestor 

rDNA ribosomal DNA; the genes encoding rRNA 

recombination the formation of new combinations of alleles, typically during 
meiosis. This may include the process by which DNA molecules are broken and 
the fragments rejoined into new combinations 

reduction division first meiotic division in which the number of chromosomes is 
reduced by one-half 

retro- prefix denoting the use of reverse transcription from RNA into DNA. Retro- 
elements include retrohoming group II introns, retrotransposable elements, and 
retroviruses 

ribosome particle composed of RNAs and proteins that translates mRNAs into 
proteins 

rRNA ribosomal RNA; any one of a number of RNA molecules that form part of 
the structure of ribosomes 

selfing union of 2 gametes produced by the same organism 

selfish beneficial to self, costly to another 

sex-antagonistic gene a gene whose effect on fitness in one sex is positive and in 
the other, negative 

sex chromosome an X or Y chromosome (or Z and W) 

SINE abbreviation for short interspersed nuclear element; a nonautonomous ret- 
rotransposable element that is mobilized by LINEs 
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somatic refers to all cells of the body other than germ cells or their precursors 

spindle (apparatus) the structure formed during nuclear division on which chro- 
mosomes first align and then move to opposite poles 

spiteful costly to self, costly to another 

tandem repeats multiple copies of the same sequence lying end to end 

telomere the terminal structure of each chromosome arm (consisting of small tan- 
dem repeats) 

trans-acting locus a locus that affects the activity of DNA sequences regardless of 
whether they are on its own molecule of DNA; usually protein coding 

transcription the production of a strand of RNA from a DNA template 

translation the production of a protein from an RNA template 

translocation change in location of a chromosome segment by becoming attached 
to another chromosome 

transposable element segment of DNA capable of moving to a new chromosomal 
location 

univalent a single, unpaired chromosome 

wildtype the typical allele at a locus in contrast to a mutation or a selfish element; 
conventionally denoted by a + sign 

zygote the diploid cell formed from fusion of haploid gametes (e.g., sperm and 
egg) 
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VIRUSES: HEGs, 198; transposable elements, 270-271, 299 
Retroviruses, 229, 241-242, 244, 262, 266, 271, 297 

BACTERIA: plasmids of, 43, 258, 460; DNA polymerase, 153; HEGs in mycobacteria, 198, 461; 
group II introns, 213-217, 461; transposable elements, 229, 233, 234-235, 244, 269, 
299; versus eukaryotes, 460-461 
Endosymbiotic bacteria: in insects, 143; as reproductive parasites, 179-180; B chromosomes, 
376; PGL, 383, 384, 394, 401; chimerism, 444-446 

ARCHAEA: HEGs, 198, 461 

EUKARYOTES: mitochondria, 142-143, 153, 180, 182-183; apoptosis, 182-183; RNA editing, 
184; gene conversion, 187; meiosis, 196-198, 461-462; spliceosomal introns, 217; 
transposable elements, 228, 235, 257; telomeres, 293, 472; centromeres, 313 

PROTISTS: mtDNA, 144, 183; HEGs, 198, 200, 209; group II introns in algae, 216; transposable 

elements, 230, 269, 270 
Slime molds: green beards in Dktyostelium, 57-58; mitochondrial inheritance in Physarum, 149, 

458; mating types, 151; chimerism in Dktyostelium, 439-440 
Cillates: multipolar mating system, 151, 152; transposable elements, 299; germline-limited 

DNA, 433, 434-436 
Red algae: expectation of imprinting, 141, 473; cell lineage selection, 432; chimerism, 439-440 
Green algae: mitochondrial inheritance in Chlamydomonas, 149; transposable elements in 

Chlorella, 237, Chlamydomonas, 257 

PLANTS 

Bryophytes: expectation of imprinting, 141, 473 
Ferns: B chromosomes in Ophioglossum, 360 
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Gymnosperms: mitochondrial inheritance in redwoods, 149; androgenesis in Cupressus, 383, 
416-418,471 

Angiosperms: gamete killers, 19, 20-21, 48; gametophyte factors, 58-59; imprinting, 120, 137- 
139; endosperm, 137-139, 440-443; mtDNA, 144-145, 153; mitochondrial inheri- 
tance, 149, 181; CMS, 162-178, 180-181; HEGs, 198, 200, 209; group II introns, 216; 
transposable elements, 234, 244, 258, 269, 271, 272, 273, 279-280, 288-289; knobs 
and neocentromeres, 310; centromeric histones, 313; polar bodies rejoining germline, 
322-324; B chromosomes, 326-332, 335-337, 339-345, 347-352, 354-356, 360-372, 
380; cell lineage selection, 421, 430, 432 
Zeamays (maize): gametophyte factors, 58-59; imprinting, 137-138; CMS, 163, 165, 166, 

169-170; transposable elements, 229, 230, 233-234, 258-259, 261-262, 272, 273, 279- 
280, 284, 294-295; female drive and AblO, 302-309; meiotic chromosomes, 312; B 
chromosomes, 314, 333, 336, 338, 340, 343, 346, 362, 365, 380; germline, 426; 
heterofertilization, 443 

FUNGI 

Yeasts: mitochondria, 144-148, 150, 151, 167; biased gene conversion, 190-191, 193, 194, 197; 
HEGs, 186, 198-211, 223, 471, 473; mating-type switching, 210, 211; nuclear 
plasmids, 210, 212-214; group II introns, 213-216; transposable elements, 242, 244, 
254-255, 256, 271, 281-283, 287, 459; rDNA, 363, 402; mitotic recombination, 421; 
RNA replicons, 461; accessible germlines, 468, 469 

Filamentous ascomycetes: spore killers in Neurospora, 20, 45-47, 48, 452, Podospora, 20, 45, 48, 
459, Giberella, 20, 46, Cochliobolus, 20, and pseudohomothallism, 50, horizontal trans- 
mission, 468; expectation of imprinting, 141, 473; mtDNA, 144; mating types, 151; at- 
tack of T-cytoplasm of maize by Cochliobolus, Mycosphaerella, 166; gene conversion in 
Neurospora, 190, Ascobolus, Sordaria, 192-193, 195; HEGs, 200, in Podospora, 459; 
transposable elements, 270, 271, in Fusarium, 299; gene duplications in Neurospora, 
287; B chromosomes in Nectria, Alternaria, 356-357, 362, 367 

Basidiomycetes: multipolar mating systems in mushrooms, 151, 152; chimerism in mushrooms, 
421,439 

ANIMALS: gamete killers, 46-47; mtDNA, 144; germ cell determination, 183-184; evolution of 

development, 422-423, 429; chimerism in colonial invertebrates, 438-439 
Cnidarians: HEGs, 198; chimerism, 438 
Flatvporms: germ cell determination, 183; female meiosis in Leptoplana, Prostheceraeus, 324; B 

chromosomes in Polycelis, 334 
Rotifers: transposable elements in bdelloids, 276, 458; haplodiploidy in monogononts, 382 
Acanthocephalans: B chromosomes, 326 
Molluscs: mtDNA, 144; mitochondrial inheritance in mussels, 157-161, clams, 157; 

androgenesis in Corbicula, 382, 383, 416, 418 
Nematodes: selfish sex chromosomes in Caenorhabditis, 93; mtDNA, 144, 160; GC content, 

194; transposable elements, 233, 234, 237, 257, 261, 272; holocentric chromosomes, 

311; germline-limited DNA in Ascaris, Parascaris, 312, 433-434 
Arthropods: Rl, R2 LINEs, 237, 263, 269 

Crustaceans: sex chromosomes in Peltogasterella, 91; mitochondrial inheritance in crayfish, 

148; endosymbiotic bacteria in Gammarus, Armadillidium, 179, 401; B chromosomes 

in Branchipus, 379; germline-limited DNA in Cyclops, 433, 434 
Spiders and mites: possible drive in pseudoscorpion, 48; sex chromosomes in Anelosimus, 92- 

93, 459; endosymbiotic bacteria in Brevipalpus, 179; transposable elements, 271; B 

chromosomes in Metagagrella, 345, 360; PGL in Phytoseiidae, 382-387, 392-395, in 

Anoetidae, Dermanyssidae, 385 
Collembola: PGL, 382, 383, 384, 386, 391-392 
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Phasmida: centromeric repeats in Bacillus, 314; hybridogenesis in Bacillus, 382, 383, 404, 405, 
415, 416, 470; androgenesis in Bacillus, 383, 416, 418-419 

Orthoptera: dosage compensation in Gryllotalpa, 136; supernumerary segments in 

Chorthippus, Eyprepocnemis, 310-311; B chromosomes 340, 343, 349-353, 368, 373, 
376-377, in Calliptamus, Camnula, 330, Myrmekotettix, 331, 332, 337, 340, 351, 
Chortoicetes, Heteracris, Melanoplus, Omocestus, 340, Locusta, 340, 352, Eyprepocnemis, 
352, 353, 358-360, 362, 379-380 

Thysanoptera: haplodiploidy, 382 

Hemiptera: transposable elements in aphids, 271; holocentric chromosomes in bugs, 312; B 
chromosomes in Pseudococcus, 331, 336-337, 340, 397, Psylla, 378; PGL in scale insects, 
382, 383, 384, 386, 387-390, 393, 394, 395; somatic chimerism in scale insects, 
whiteflies, 444-446 

Coleoptera: maternal effect killers in Tribolium, 51-52, 54, 455; PGL in Hypothenemus, 382, 
383,384,386,391,393,394,395 

Neuroptera: transposable elements in Chrysoperla, 268-269 

Hymenoptera: imprinting, 9, 140-141, 456, 469; mitochondrial inheritance in honeybees, 

149; transposable elements, 269, 271; B chromosomes in Nasonia, 334, 367, 368, 374- 
376, 394, 397, 463, 466, Tricbomalopsis, 367, Trichogramma, 376, Trypoxylon, 378; 
haplodiploidy, 382; somatic chimerism in parasitoid wasps, 441, 444 

Diptera: selfish sex chromosomes in Diopsidae, 62-63, 67, 69, 462, Glossina, 62-63, Aedes, 

Culex, 73-74, 76, 217, 226, 463; sex determination, 77-79; genetic engineering of mos- 
quito populations, 223-226; horizontal transmission of transposable elements, 268; 
female drive in Lucilia, 320; B chromosomes in Megaselia, 360, 366, Cnephia, 363; PGL 
in Sciaridae, 382, 384, 386, 395-404, Cecidomyidae, 384, 404; germline-limited DNA 
in Sciaridae, 380, 395-404, 433, Cecidomyidae, 404, 433, Chironomidae, 433; possi- 
ble hybridogenesis in a midge, 405 
Drosophila: Segregation Distorter, 19, 20, 38, 40-45, 61, 322, 334; selfish sex chromosomes, 
62-73, 75-77, 174, 226, 462, 463; sex determination, 77-81; transvection, 120; mito- 
chondrial inheritance, 156; endosymbiotic bacteria, 179, 180; germ cell determination, 
183; genetic engineering using HEGs, 186; biased gene conversion, 194; transposable 
elements, 9-10, 229, 230-233, 244, 245-254, 256-257, 261, 265, 267-269, 272, 273, 
274, 281, 292-293, 299-300, 430, 465, 471, 472; telomeres, 292; centromeres, 312, 
313; female drive, 319-321; Y chromosome derived from B, 377-378; cell lineage se- 
lection, 421, 424, 426 

Siphonaptera: transposable elements in Ctenocephalides, 268; germline-limited DNA in 
Ctenocephalides, 433 

Lepidoptera: sex chromosomes, 62, 73, 394; endosymbiotic bacteria, 179; transposable ele- 
ments, 269, 271, in Bombyx, 237, 270; holocentric chromosomes, 312 
Echinoderms: mitochondrial inheritance in sea urchins, 149, Paracentrotus, 151; germ cell deter- 
mination in sea urchins, 183; transposable elements, 269 
Ascidians: mitochondrial inheritance in Ascidea, 149; germ cell determination, 183; chimerism 

in Botryllis, Diplosoma, 438-439 
Vertebrates: vivipary and expectation of imprinting, 139-140; transposable elements, 235, 237, 
244, 269; combinatorial immune system, 289, 292, 423-424; germline development in 
tetrapods, 335 

Hagfish: genome size, 290, 291; germline-limited DNA, 433, 434 

Bony fish: genome size, 290, 291; B chromosomes, 334-335, 347, 360-361, 365, 368, 379; 

hybridogenesis in Poeciliopsis, 382, 383, 404-41 1, 413, 415, 416, 453, 463, Rutilus, 405 

Frogs: sex chromosomes in Leiopelma, 91; mitochondrial inheritance in Xenopus, 148; 

transposable elements, 269, in Xenopus, 237; genome size, 290-291; B chromosomes 
in marsupial frogs, 379; hybridogenesis in Rana, 382, 383, 404, 405, 409, 411-414, 
415,416,463 
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Salamanders: genome size, 290-291; B chromosomes in Dicamptodon, }tAl 

Reptiles: X chromosomes in snakes, 95, and viviparity, 456-457; transposable elements in 
snakes, 270; genome size, 289 

Birds: sex chromosomes, 62, 95; sex ratio adjustments in Acrocephalus, Taeniopygia, Parus, 93- 
95; mate choice, 94-95; imprinting, 101, 139; transposable elements, 244, 271; ge- 
nome size, 288, 289; B chromosomes in Taeniopygia, 379 

Mammals: maternal effect killers, 52-55; zygotic expression, 55; gestational drive, 55-57; sex 
chromosomes, 74-75, 94-95, 133-137, 293, 433; sex ratio adjustments in ungulates, 
94; mate choice, 94-95; imprinting, 99-137, in sheep, 119; mitochondrial inheritance, 
148, 156-157; GC content, 193-194; transposable elements, 244, 271, 277-279, 297; 
processed pseudogenes, 285; karyotype evolution, 315-318; transmissible tumors in 
dogs, 424-425; B chromosomes, 372-373 
Rodents: sex chromosomes 78, 81, 88, in Dicrostonyx, Myopus, 82-87, 455, 459, 463, 469, 
473, Microtus, 87-88, 90-91, Akodon, 88-90, 470, Ellobius, 88, Tokudaia, 88; 
intrauterine effects in mice and gerbils, 86, 134-135; imprinting in Peromyscus, 1 17— 
118; relatedness in Belding's ground squirrel, 124-125; X inactivation in Peromyscus, 
137; transposable elements in Holocbilus, Oryzomys, 265, Rattus, 278, 279; B chromo- 
somes in Rattus, 340, 363, 373, Apodemus, 344, 365, Dicrostonyx, 379 
Mus musculus: /-haplotype 19, 20, 21-39, 463; maternal effect killers, 52-54, 318-319; 
imprinting, 99-111, 113, 116-117, 119-120, 121-122, 125-126, 129-132, 134-137; 
X-inactivation, 136; mitochondrial inheritance in hybrids, 150; mitochondrial selec- 
tion, 154-155; pseudoautosomal region, 194, 195; transposable elements, 244, 256, 
262, 276, 278-279; meiotic chromosomes, 312; Robertsonian translocations, 315-318; 
cancer, 422; germline, 426, 430, 431; versus humans, 117, 470 
Primates: possible drive in Macaca, 48; Sry, 90; lgf2r, 100; sex-biased dispersal, 128; biased 
gene conversion, 190, 191, 197-198; transposable elements, 244, 278; chimerism in 
callitrichids, 420, 437-438 
Humans: disease, 15, 47, 99, 100, 105, 120, 121, 125, 135, 149, 154, 156, 161-162, 217, 
222, 229, 244, 248-249, 314, 315, 325, 422-424, 426-427, 428, 429; associated species, 
46; pregnancy, 56-57, 139; sex chromosomes and mate choice, 95; imprinting, 96, 99, 
100-106, 108-109, 113, 117, 120, 121-122, 125, 128-129, 132-133, 135, 136, 460; 
X-inactivation, 136; mtDNA, 144; mitochondrial inheritance, 149; mitochondrial se- 
lection, 154-156; gene therapy, 186; GC content, 193, 194; minisatellites, 196; 
recombinational hotspot, 197; transposable elements, 239, 248-249, 254, 259, 262, 
263-264, 265, 266, 267, 273, 276, 277-279, 281, 285, 286, 287, 295, 300, 471-472; fe- 
male meiosis, 314; Robertsonian translocations, 315; neocentromeres, 366; mosaics, 
420, 421; cell lineage selection, 421-424, 426-428; germline, 425-428; chimerism, 
437; versus mice, 117, 470 
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AblO, 302-310, 320, 449, 451, 452, 455, 
465 

Achiasmatic meiosis: in male Diptera, 64, 76; 
PGL, 386, 388, 391,394 

Achillea, 344 

Acrocentric chromosomes: and female drive, 
469, 475; in mammals, 315-318, 372-373; 
Bs, 318, 327, 366, 372-373; in Drowphila, 
320; denned, 577 

Acrocephalus, 93 

Aedes, 73-74, 75, 76, 217, 226 

Aegilops, 21 

Age of selfish element: P element, 9-10; t 
haplotype, 25-26; SD, 43-45; SR, 67; killer 
Xs and Ys, 76-77; DUI, 159; HEGs, 198; 
transposable elements, 263-265, 278-280; 
hybridogenesis, 405 

Agricultural crops, 46, 59, 166, 167; genetic en- 
gineering of, 168; barley, 59, 288; beans, 59, 
170; beets, 59, 166, 169, 172; carrots, 166, 
167, 169; chives, 340, 348, 354-355, 356, 
362; flax, 368; onions, 166; pearl millet, 348, 
352; peas, 139; radishes, 170; rapeseed, 163, 
169; rice, 21, 166, 234, 273, 312; rye, 166, 
310, 328, 331-332, 336, 337, 340, 341, 343, 
344, 345, 348, 349, 352, 356, 361, 364, 368, 
Plate 8; sorghum, 46, 166, 279-280, 343- 
344; sugarcane, 273; sunflowers, 166, 167, 
169, 170, 183; tobacco, 20, 167, Plate 4; 



wheat, 21, 166, 167. See also Zea in Taxo- 

nomic Index 
Agropyron, 21 
Agropyrum, 343 
Akodon, 81, 87, 88-90 
Alburnus, 360-361 

Allium, 166, 340, 348, 354-355, 356, 362 
Alternaria, 357 
Amblyseius, 384, 385, 387 
Androdioecy, and CMS, 165 
Androgenesis (maternal genome loss), 382- 

383, 389, 415-419, 451, 453, 471 
Anelosimus, 92-93 
Anenome/Hepatica, 310 
Aneuploidy, 470; and t haplotype, 30; B, 379- 

380; PGL, 398-399,401 
Anisogamy: and mtDNA, 152; evolution of, 

152; biparental inheritance oilfim plasmid, 

213; implication for drive in Bs, 335 
Anodonta, 159 
Anopheles, 75, 76, 268-269 
Antirrhinum, 233 
Apodemus, 344, 365 
Apoptosis: and CMS 167, 169; male killing, 

179; mitochondria, 182-183; cancer, 422; 

germline, 430; defined, 577 
Apromorpha, 388 

Arabidopsis, 137-138, 171, 234, 272, 313 
Arenophyrine, 291 
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Armadillidium, 179, 401 

Ascaris, 298, 434 

Ascidea, 149 

Ascobulus, 193, 195 

Asexual reproduction, 457-458; and imprint- 
ing, 139; petite mutations, 146; 2,«m 
plasmid, 212; transposable elements, 260, 
275-276; centromeric drive, 314; Bs, 334, 
339, 359; hybridogenesis, 382-383, 395, 407, 
410, 412, 414; chimeras, 439 

Asparagopsis, 432 

Astyanax, 347, 379 

B chromosomes, 7, 13, 14, 15, 16, 17, 91, 304, 
309, 310, 311, 312, 314, 318, 325-380, 397, 
401, 432, 447, 448, 451, 452, 453, 455, 456, 
457, 459, 461, 462, 463, 466, 467, 468, 469, 
470, Plate 8 

Bacillus, 314, 383, 404, 405, 415, 416, 419 

Bactrocera, 79 

Begonia, 180 

Beneficial "selfish" genetic elements, 471— 
472; mating type switching in yeast, 210— 
211; engineered for population control, 
217-227; repressor P elements, 250; trans- 
posable element inserts, 272; immune sys- 
tem, 289-292; telomeres, 292-293; X inacti- 
vation, 293; Bs, 354-357; hybridogenesis, 
413 

Beta, 59, 166, 169, 172 

Bombyx, 237, 270, 298 

Bos (cows), 270 

Botryllis, 438-439, Plate 10 

Bracbycome, 361, 364, 366 

Branchipus, 379 

Brassica, 163, 169, 170 

Breeding system. See Inbreeding 

Brevipalpus, 179 

Briza, 340 

Caenorhabditis, 93, 109, 194, 233, 234, 257, 261, 

272, 298 
Calliptamus, 330, 340 
Camnula, 330 
Cancer, 448, 451, 470, 474; and imprinting, 

99-100, 102; transposable elements, 249; 

selfish cell lineages, 420-425, 427, 429, 

Plate 9 
Candida, 146, 208 
Canis (dogs) 424-425, Plate 9 
Centromere, 452, 455, 473-474; and / 

haplotype, 24; killers in general, 29; SD, 40- 



41; spore killer, 45; two-step meiosis, 50; 
scat + , 53; killer Y, 73; and drive, 7, 301-321, 
469; Bs, 338, 360-361, 372-373, 379-380; or- 
igin of Bs, 363-366, 368; holocentric chro- 
mosomes, 311, 312, 388, 474; fungus gnats, 
402-403; hybridogenesis, 415; polar bodies, 
440, 444; endosperm genetics, 443; defined, 
578 

Cepea, 157 

Ceratitis, 79 

Cervus, 94 

Cetacea, 310 

Chiasmata: and supernumerary segments, 310; 
Bs, 325, 337, 346, 350-353, 355; defined, 
578. See also Achiasmatic meiosis; Recombi- 
nation 

Chironomus, 77 

Chlamydomonas, 149, 200, 257 

Chlorella, 237 

Chorthippus, 310 

Chortoicetes, 340 

Chrysoperla, 268-269 

Cnephia, 363 

Cochliobolus, 20, 166 

Coix, 367 

Compensation, 469; (haplotype, 28, 31; SR, 
68; X* in lemmings, 82, 89; CMS, 176-177; 
Bs, 380; defined, 578 

Corbicula, 383, 418 

Crepis, 329, 340, 343, 347, 348, 352, 365 

Crossing-over: and SD, 40, 44; two-step meio- 
sis, 50; killer Y, 73; gene conversion, 188- 
190, 196-197; female drive, 319-320; Bs, 
365; PGL, 385, 389, 391,394; 
hybridogenesis, 406; defined, 578; see also 
Recombination 

Ctenocephalides, 268, 433 

Cuckoo chromosomes, 21 

Cucurbita, 111 

Culex, 73-74, 75, 76, 77, 226 

Cupressus, 383, 416-418, 471 

Cyclops, 433 

Cyrtodiopsis, 62, 63, 67, 69 

Cytoplasmic male sterility (CMS) elements, 
161-181, 380, 449, 459, 464, 466, 468, 469, 
470, 471, 473, 474, Plate 4 

Danio (zebra fish), 113 
Daucus (carrots), 166, 167, 169 
Delilsea, 432 
Derbesia, 149 
Diasemopsis, 63 
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Dicamptodon, 347 

Dicrostonyx, 82-87, 90, 379 

Dictyostelium, 439 

Dioecy, 473; and CMS, 173-174, 180; 

androgenesis, 383, 416; defined, 578 
Diploid-on-haploid lifecycles, 141 
Diplosoma, 438 
Discovery of selfish genetic elements, 12-14; t 

haplotype, 23; SD, 38-39; gamete killers, 47; 

imprinting, 99-100, 137; HEGs, 198; Bs, 

226; transposable elements, 229 
DNA polymerase, 473; and drive, 4; mtDNA, 

153; HEGs, 186; transposable elements, 

235 
Doubly uniparental inheritance (DUI), 

mtDNA in mussels and clams, 157-161, 

Plate 3 
Drag: defined, 16, 578; t haplotype, 26-27, 29, 

33; SR, 64; centromeric, 314-315, 320; Bs, 

325, 331, 338-340, 354-358, 368, 377; PGL, 

392 
Drive, 447-453, 455-467, 469-471; three ways 

to achieve it, 3-8; synonyms, 16; gestational, 

56; at imprinted loci, 121-127; BGC, 185; 

HEGs, 186; transposable elements, 228; 

knobs in maize, 301-302; centromeric, 313; 

types of drive in Bs, 328-335, 374; genomic 

exclusion, 381-383; defined, 578. See also 

Mechanisms of drive; Strength of drive; Sup- 
pressors of drive 
Drosophila. See Taxonomic Index 

Ellobius, 88, 90 

Endosperm: and imprinting, 137-139; B, 333, 
335; androgenesis, 417; chimeras, 440-443, 
445 

Endosymbiont: and sex determining system, 
78; mtDNA, 142-143; maternally inherited, 
179-180, 182; PGL, 382, 394, 401, 470; de- 
fined, 579 

Erianthus, 344 

Escherichia, 153 

Eusimulium, 11 

Extinction of population/species: and selfish 
genetic elements, 12, 463, 471; t haplotype, 
31; SR, 68, 70; killer Y, 74, 226; X* and Y* in 
rodents, 91; CMS, 174-176, 178; artificial 
HEGs, 220-226; genome size, 288-291; 
androgenesis, 383, 416-417; PGL, 393; 
hybridogenesis, 406, 410 

Eyprepocnemis, 311, 329, 352, 353, 354, 358- 
360, 362, 379-380 



Felis (cats), 137 

Festuca, 344 

Fragaria, 173 

Frequency-dependent selection and extinction. 

See Long-term fate of selfish elements 
Fusarium, 299 

Gallus (chickens), 101, 244, 298 
Gamete eliminator (Ge f ), 20, 29 
Gametophyte factors, 58-59, 450, 455, 460, 

462, 470; Gal, 58, 450 
Gammarus, 179 

GC content, 193-194, 195, 196 
Gene conversion, 451, 456, 461, 471-475; and 

mtDNA, 142; HEGs, 185-197, 224; 

transposable elements, 242, 277, 280, 285- 

286, 288; selfish cell lineages, 432; defined, 

579 
Genome size, 12-13, 463, 474-475; BGC, 196; 

transposable elements, 278-280, 287-291; 

Bs, 326-327, 342, 357, 363, 365-366, 369- 

371; hybridogenesis, 414; germline-limited 

DNA, 432-435 
Geographical distribution of selfish genetic ele- 
ments in nature: spore killers, 47; Medea, 51- 

52; HSR, 53; gametophyte factors, 58; SR, 

64-70; CMS, 172; knobs in maize, 306, 310; 

Bs, 347-348; hybridogenesis, 406-410, 414, 

416 
Germline, evolution of, 183-184, 335, 424- 

432 
Germline-limited DNA, 379, 380, 396-402, 

432-436 
Gestational drive, 55-58, 474 
Giberella, 20 
Glossina, 63 
Gorilla, 197 
Green-beard effects: in gestational drive, 56- 

57; slime molds, 57-58 
Group I introns, 200, 201, 209-210 
Group II introns, 48, 186, 210, 214-218, 299, 

451, 455, 461, 468, 474; all, aI2, Ll.LtrB, 

213 
Gryllotalpa, 136 
Gukensia, 157 
Gynodioecy, 473; and CMS, 163-165, 171- 

173, 177, 181; defined, 579 

Haematobia, 256, 268-269 

Haplodiploidy (male haploid), 450, 466, 473; 

and imprinting, 140-141; mtDNA, 179; 

Bs, 334, 372, 376, 378; genomic exclusion, 
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Haplodiploidy (male haploid) (continued) 
382-384; PGL, 387-388, 391-392, 395; PSR, 
375; defined, 579 

Haplopappus, 366 

Hebe, 173, 177 

Heliantbus (sunflowers), 166, 167, 169, 170, 183 

Heteracris, 340 

Heterochromatin: and gamete killers, 20; SD, 
41; sex chromosome, 75; X chromosome, 90; 
transposable elements, 279, 293; female 
drive, 305, 310; Bs, 326, 331, 336, 351, 362- 
365, 368, 378, 380; PGL, 389, 402; nema- 
todes, 434; scale insect bacteriocytes, 445; 
defined, 579 

HIV, 15, 229, 244 

Holocentric chromosomes, 474; and female 
drive, 311-312; PGL, 388 

Holocbilus, 265 

Homing endonuclease genes (HEGs), 186, 
198-204, 206-211, 213, 214, 216, 230, 231, 
270, 289, 449, 451, 453, 455, 456, 458, 459, 
461, 462, 464, 467, 467, 469, 470, artificial 
(engineered), 217-227; <y, 14, 200-202, 204, 
206-207; VDE, 201, 202, 203, 204, 207-208, 
210, 211, 451, 471, Plate 5; ENS2, 202, 209, 
473 

Hordeum, 59, 288 

Horizontal transmission, 467-468; and spore 
killers, 48; HEGs, 198, 204-209, 222-223; 
group II introns, 216; transposable elements, 
267-271 

HSR, 52-53, 121, 450, 470 

Humans. See Taxonomic Index 

Hybridogenesis (hemiclonal reproduction), 
382, 383, 404-416, 419, 450, 453, 463, 467, 
470, 471 

Hybrids and selfish genetic elements, 10-11, 
463, 466-468, 470-471; gamete killers, 20- 
21, 49; SR, 71, 73; imprinting, 117-118, 
137-138; mtDNA, 150-151; DUI, 159; 
mtDNA paternal leakage, 150-151; CMS, 
163, 165-167, 171, 176-178, 181; knobs in 
maize, 310-311; centromeric drive, 314; Bs, 
353-354, 366-368, 376; hybridogenesis, 
382-383, 404-406, 409-419 

Hypochoeris, 336, 340 

Hypothenemus, 384, 391, 393, 394 

Immune system, 472-474; and ? haplotype, 33: 
maternal effect killers, 57; Y chromosome, 
95; transposable elements, 229, 289, 294; 



cell lineage selection, 420-421, 423-425, 
432,437 

Imprinted genes, 96-141; CLPG, 119; DM, 
119, 121; GrblO, 96, 113, 118, 122; Gtl2, 
119, U\;H19, 101, 106, 107, 111, 116, 118, 
119; Igf2, Igf2r, 99-101, 106,107, 111,113, 
116, 117, 118, 119, 120, 122;Impact, 117; 
Ins2, 120; Mash2, 117; MEDEA, W;Meg3, 
121; MEGS, 119; Pegl/Mest, 118, 125; Peg3, 
118, 125;pPll-v, 117, \l%;Rasgrfl, 119-120; 
Snrpn, 106, 118; U2af-rsl, 117 

In, 318-319 

Inbreeding, 17, 457-460, 469-470; and t 
haplotype, 34, 36-38; spore killers, 48; 
gametophyte factors, 58-59; X* in lem- 
mings, 85; spider X, 92; imprinting, 126- 
129, 137-138; petite mtDNA, 146; CMS, 
162-163, 176-177, 450; HEGs, 202-205, 
210; 2fim plasmid, 212; transposition rates, 
245; transposable elements, 271-272; 
centromeric drive, 314; Bs, 326-327, 336, 
339-342, 355, 357-359, 369-371, 376; PGL, 
382-383, 386-387, 390-395; androgenesis, 
417; polar bodies, 444; defined, 580 

Inteins, 200-202, 218, 255 

Inversion(s), 452, 473; and pollen killer, 21; t 
haplotype, 24-26, 29-30, 33-34, 452-453, 
465; SD, 40-41, 44; SR, 63-64, 67, 70; X* in 
lemmings, 83; HEG, 224; transposable ele- 
ments, 281, 283-284; female drive, 304, 
319-321; knob, 308; PGL, 397; defined, 580; 
see also Recombination 

Iodina, 443 

Ipomoea (morning glories), Plate 7 

Karyotype, 474-475; and X* in lemmings, 87; 
LINEs, 265; female drive, 302; centromeric 
drive, 316-321; Bs, 363, 369, 372-373; PGL, 
388; defined, 580 

Kluyveromyces, 213 

L chromosomes, 396-402, 403 

Lactococcus, 213 

Leiopelma, 91, 379 

Leptoplana, 324 

Lilium, 330, 331,340, 341 

Linkage. See Recombination 

Linum (flax), 368 

Locusta, 330, 340, 352 

Lolium, 348, 354, 355-356 

Long-term fate of selfish element (including ex- 
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tinction), 458, 462, 464-465; £ haplotype, 25, 
28, 42; spore killer, 46; gestational drive, 56; 
gamete killer, 49; SR, 68-72; CMS, 163-165, 
175-176; BGC, 197; HEGs, 204, 206-210; 
group II introns, 216; transposable elements, 
237, 252, 255, 263-267, 272-273; Bs, 358- 
360, 368-369, 375; hybridogenesis, 406, 409, 
411-412 

Lucilia, 320 

Lycopersicon, 20 

Macaca (monkeys, rhesus macaques), 48, 128, 
190, 191 

Magnaportha, 298 

Major histocompatibility complex (MHC, 
HLA), 460; and t haplotype, 33-34, 465; im- 
printing, 128-129; biased gene conversion, 
197-198; chimerism, 439 

Male-male competition. See Sexual selection 

Mate choice, 462-463; and t haplotype, 32, 34; 
X, Y, 91-95; hybridogenesis, 406, 409, 411- 
412 

Maternal genome loss. See Androgenesis 

Mating type switching, 210, 211, 472 

Mayetiola, 382, 383, 404 

Mechanisms of drive: and gamete killers, 20- 
21; t haplotype, 26-27; SD, 40-42; spore 
killer, 45; scat , 53; maternal effect killers, 
55; gestational drive, 56-56; gametophyte 
factor, 58; SR, 62-62, killer Ys, 73-74; petite 
mutations, 146; DUI, 158, Plate 3; CMS, 
167, 169-171; BGC, 190-191; HEGs, 198- 
202; transposable elements, 229-244; knobs 
in maize, 302-304; PGL, 385, 388-390, 401- 
403 . See also Drive 

Medea, 51-52, 53, 55, 450, 455 

Megaselia, 77, 79, 360, 366 

Meiosis, evolution of, 49, 50, 196, 461-462 

Melampyrum, 443 

Melanoplus, 340 

Meriones (gerbils), 86, 134-135 

Metacentric chromosomes, 474, and SR, 63; 
killer Y, 73; female drive in mammals, 3 15— 
318, 372-373; Drosophila, 320-321; Bs, 366, 
372-373; defined, 580 

Metagagrella, 345, 360 

Methylation, 455, 472-474; and imprinting, 
105-107, 109-113, 116, 119-120, 123, 138- 
139, 141; HEG, 190; transposable element 
suppression, 258-259, 293; host gene regula- 
tion, 293, Bs, 363; PGL, 390; defined, 580 



Microtus, 87, 90, 279 

Minisatellites, 196, 451, 474-475 

Mosaics: and imprinting, 134, 137; selfish cell 
lineages, 420-421, 424, 426 

MSR (maternal sex ratio), 375 

Mus. See Taxonomic Index 

Musa (banana trees), 149 

Musca, 11, 78, 79 

Mutation rates: and selfish mitochondria, 152- 
153; methylation, 190, 427; transposable ele- 
ments, 246-249, 253, 272-287, 295-296; cell 
lineage selection, 421-432 

Mycosphaerella, 166 

Myopus, 83-87, 88 

Myrmekotettix, 331, 332, 337, 340, 351 

Mytilus, 157-161, Plate 3 

Nasonia, 141, 367, 368, 374-376, 394, 397, 466 

Nectria, 356-357, 367 

Nemophila, 111 

Neocentromeres, 449, 456, 469-470; female 
drive, 301-312 

Neoceratodus, 290 

Neurospora, 20, 45-46, 47, 48, 141, 151, 190, 
287, 298, 452, Plate 2 

Nicotiana, 20, 167, Plate 4 

Nondisjunction: and X* in lemmings, 84, 87- 
88, 450; X in voles, 87; caused by 
transposable element, 247; human 
aneuploidy, 314; drive in Bs, 328-331, 333, 
335, 337-339; B's, 343, 356, 375; mechanism 
in Bs, 363-365; fungus gnat X, 396, 398, 
403-404; defined, 580 

Om, 54, 318-319,470 

Omocestus, 340 

Ophioglossum, 360 

Oryctolagus, 156-157 

Oryza (rice), 21, 166, 234, 273, 312 

Oryzias (medaka fish), 270 

Oryzomys, 265 

Ovis (sheep), 119 

Pan (chimpanzees and bonobos), 128, 197, 278 
Papio (baboons), 128, 244 
Paracentrotus, 151 
Parascaris, 433-434 
Parus, 93-94 
Paspalum, 366 

Paternal genome loss (PGL), 381-395, 397, 398, 
400,404,450,459,471 
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Paternal inheritance: and CMS, 165, 181, 474; 

mtDNA, 149, 151; PGL, 391; androgenesis, 

417 
Peltogasterella, 91 

Pennisetum (pearl millet), 348, 352 
Peromyscus, 117-118, 137 
Petite mutations (p), 145-148, 150 
Petunia, 169, 170 
Phaseolus, 59, 170 
Physarum, 149 
Phytoseiulus, 385, 387 
Pisum (peas), 139 

Placentation, evolution of, 55-57, 99 
Plannococcus, 384 

Plantago, 168, 171, 172, 176, 367, 368, 380 
Plasmids: bacterial, 43, 183, 217, 258, 460-461; 

nuclear, 210, 212-214; mitochondrial, 458 
Plasmodium, 144, 296 
Poa, 343 

Podospora, 20, 45, 48, 459 
Poecilia, 334-335 
Poeciliopsis, 13, 382, 383, 404, 405-411, 412, 

413,415,416,453,463 
Polar bodies: and avoidance of, 5, 301-302, 

303, 330-331, 332, 338; rejoining germline, 

321-324; contributing to soma, 440-446 
Pollen killer, 20 
Polycelis nigris, 334 
Prader-Willi Syndrome, and imprinting, 102— 

103, 105, 121, 125 
Prochilodus, 365 
Prostheceraeus, 324 
Pseudococcus, 331, 336, 340, 397 
Pseudogenes, and transposable elements, 194, 

196, 284-286; defined, 581 
PSR (paternal sex ratio), 334, 367, 374-376, 394, 

397, 398, 450, 463, 466 
Psylla, 378 
Pthenothrix, 384 

Rana, 383, 404, 405, 409, 411-414, 415, 416 

Ranunculus, 347 

Raphanus, 170 

Rattus, 278-279, 340, 363, 373 

rDNA, 456, 464; and HEGs, 209-210; 

transposable elements, 237-238, 263, 265; 

Bs, 363, 367-368, 380; paternal genome loss, 

402; germline limited DNA, 434; defined, 

581 
Reclinomonas, 144 
Recombination (including linkage), 448, 452- 



453, 455, 458, 461, 465, 472-475; and hybrid 
dysgenesis, 9; gamete killers, 21; ;haplo- 
type, 24-26, 29-31, 33-34, 36; SD, 40-41, 
44; spore killer, 48; two-step meiosis, 50; 
Medea, 51, 56-57; sex chromosomes, 61; SR, 
63-64, 70; killer Ys, 73; Diptera, 73, 76, 78; 
X* in lemmings, 86, 89; imprinting, 100, 
111; petite mutations, 146; mtDNA, 149, 
178; DUI, 160; CMS, 169-170; gene conver- 
sion, 187-190, 194-197; group II introns, 
215; HEGs, 209, 222-223, 226; 2/im 
plasmid, 212-213; transposable elements, 
229, 232-233, 238, 242-244, 246-249, 255, 
265-266, 275, 281, 283, 288-289, 297; knobs 
in maize, 304-305; female drive, 319; Bs, 
327, 350-353, 357-359; PGL, 394; 
hybridogenesis, 404, 410, 412; cell lineage 
selection, 420-421, 424, 427, 436; polar bod- 
ies, 440, 443; defined, 580, 581. See also 
Achiasmatic meiosis; Chiasmata; Crossing- 
over; Inversions 

Rhamdia, 368 

RNA editing, 184 

RNA polymerase, and transposable elements, 
254-255, 276 

RNAi, 474; and control of transposable ele- 
ments, 257 

Rumex, 180,310 

Rutilus, 405 

Si,S 2 , 21 

Saccharomyces, 144-147, 190, 192, 197, 202, 208, 

212-213, 242, 254, 271, 459, 473, Plate 5. See 

also Yeast in Taxonomic Index 
Saccharum, 273 
Scaptomyza, 268 
scat, 53, 55, 121,450,470 
Schizosaccharomyces, 144 
Sciara, 13, 396, 397, 400, 402, 403 
Scilla, 310, 362 
Secale (rye), 166, 310, 328, 331-332, 336, 337, 

340, 341, 343, 344, 345, 348, 349, 352, 356, 

361,364, 368, Plate 8 
Sedum, 322, 324 
Segregation Distorter (SD), 19, 20, 21, 29, 38, 40- 

45, 47, 49, 51, 54, 61, 62, 172, 226, 322, 334, 

382, 448, 449, 450, 452, 456, Plate 1 
Self-deception, and imprinting, 124, 132-133 
Sequoia (redwood trees), 149 
Sex antagonistic effect, 453; and t haplotype, 

34-36; sex chromosomes, 78, 81; DUI in 
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mussels, 159; mtDNA, 161-162; knobs in 
maize, 308; Bs, 349, 377; defined, 581 

Sex chromosome systems, stability of, 90-91 

Sex determining system, 61; evolutionary cy- 
cles of, 77-81; in X* and Y* rodents, 78, 81- 
83, 87-99; sex ratio, 92; imprinting, 141; 
DUI, 160-161; PGL, 391, 396, 402; 
hybridogenesis, 405-407 

Sex ratio, 450, 456, 459-460, 463, 473; and 
host population, 11-12, 471; selection on, 
60-61; SR, 64-73; killer Ys, 73-74, 78; sex 
determination, 77-80; X* in lemmings, 81- 
85, 87, 88, 463, 473; Y* in Akodon, 89-90; 
and mate choice, 91-94; genomic imprint- 
ing, 121-122; DUI in mussels, 160-161; 
CMS, 174, 179-180; HEGs, 226; Bs, 334, 
374-379, 463; PGL, 382-383, 386-387, 390- 
401 

Sexual selection (including male-male competi- 
tion), 457, 462; and t haplotype, 35-36; 
CMS, 174; Bs, 359. See also Mate choice 

Sidalcea, 177 

Silene, 171-172, 174, 175 

Size of selfish genetic element, 449, 452-454; 
and t haplotype, 24-25; HSR, 52-53; X*, 87; 
mtDNA BGC, 186-187, HEGs, 198; 
transposable elements, 230, 261; Bs, 360- 
361; genomic exclusion (half of genome, Ta- 
ble 10.1), 383; germline-limited DNA, 433- 
436 

Sordaria, 192, 193, 195 

Sorghum, 46, 166, 279-280, 343-344 

Sperm competition: and t haplotype, 28; SR, 
69; killer Y, 74; DUI in bivalves, 159-160; 
Bs, 359-360 

Spermophilus (Belding's ground squirrel), 124- 
125 

Sphyracephala, 63 

Spiroplasma, 179 

Spore killers (Sk), 20, 28, 29, 45-47, 48, 49, 50, 
51, 448, 452, 459, 462, 468, Plate 2 

SR. SeeX K 

Stellate, 71 

Strength of drive: and rate of spread, 10-11; ga- 
mete killers, 20-21; SD 38, 42; maternal ef- 
fect killers, 54; SR, 64-65; killer Y, 73; X* in 
lemmings, 82-85; imprinting, 121-122; pe- 
tite mutations, 147; BGC, 191-193; HEGs, 
202; transposable elements, 245; knobs in 
maize, 306; Bs, 338-340, 374-375; genome 
exclusion, 381-383. See also Drive 



Struthanthus, 441 

Suppressors of drive, 7, 8, 11, 458, 463-464, 
466; t haplotype, 33, 37; gestational drive, 
57; SR, 61-62, 64-72; killer Y, 74; CMS 
171-172; neocentromeres, 310. See also 
Drive 

< haplotype, 19, 20, 21-38, 39, 40, 42, 43, 44, 

45, 47, 48, 49, 51, 54, 56, 62, 122, 382, 449, 

450, 452, 453, 462, 463, 465, 468, 470, 471, 

479 
Taeniopygia, 93, 379 
Telomere, 472, 474; and transposable elements, 

237, 255, 289, 292-293; Bs, 365-366, 368; 

PGL, 402; defined, 582 
Tetrahymena, 435 
Thalassiosira, 216 
Thymus, 171, 172, 173 
Tokudaia, 90 
Transposable elements, 217, 228-300, 412, 425, 

430, 451, 452, 459, 464, 465, 467, 468, 470; 

Plate 7; Ac (Activator), 230, 233, 234, 257, 

258, 259, 261, 443, 451; Alu, 239, 248, 249, 

259, 300, 451; B2, 276; BARE-1, 288; Bsl, 
261-262; CER7/13, 299; Charlie3, 264; copia, 
241, 242, 243, 269, 272, 274-275, 451; 
CRl_Hs, 265; Ditto-Os2, Gaijin-Sol, Knotted- 
1, Tourist-Zmll, 273; Ds, 230, 261, 294; En, 
299; ETns, 248, 470; FB, 245; gypsy, 244, 254, 
269, 274-275, 299; bAT, 299; Helena, 247; 
HeT-A, 292, 293; Himarl, 256, 257; hobo, 
245, 254, 256, 268, 281; Hsmar, 264; /, 247, 
254, 256, 265; IAP, 248, 470; Impala, 299; 
KP, 262; LI, 248, 254, 259, 263, 265, 267, 
276, 278, 279, 286-287, 297, 300, 451, 470; 
LlRn mU2 ™ 279; LITa, 279; LlT/,279; L2, 
265, 267; L3, 265; LARD, 262; MaLR, 248, 
262, 470; mariner, 246, 257, 266, 268-269, 
299, 435, 467; mdgl, 274-275; mdg3, 274- 
275; Minos, 233; MITEs, 261, 273, 276, 294; 
Mosl, 257; Mutator, 233, 299; P, 9-10, 230, 
231-233, 245-254, 256, 261, 262, 266, 267, 
268, 269, 272, 274-275, 299-300, 451, 465, 
467, 471, 472; Paris, 247; Penelope, 241, 244, 
247 \piggyBac, 299;pogo, 299; Rl, 263, 269, 
464; R2, 263, 269, 464; SINEs, 238-239, 
276, 278, 285, 294, 300, 451, 465; Spm, Ibl, 
299; Tam3, 233, 266; TART, 292, 293; TAS, 
299; Tel, 257, 266, 269, 299, 435; Tn3, 235; 
Tn5, Plate 6; Tn7, 233, 235; TRIM, 262; Txl, 
237; TxlD, 237; Ty elements, 242, 243, 244, 
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Transposable elements (continued) 

246, 254, 255, 256, 277, 451; Ulysses, 247; Uq 
(Ubiquitous), 261; ZAM, 254; Zepp, 237 

Tribolium, 51-52, 54 

Trichogramma, 376 

Trichomalopsis, 367 

Trillium, 310 

Triticum, 21, 166, 167 

Trypoxylon, 378 

2/<m plasmid, 212-214 

Typhlodromus, 385, 387 

Uniparental inheritance, 458, 472, 474; and 
mtDNA, 143, 146-157, 159, 161-162, 181; 
HEGs, 200; androgenesis, 417 

Vicia, 310 



Wolbachia, 180,376,394 

X (pollen killer in tomatoes), 20 

X* (feminizing X), 61, 78, 80, 81-91, 379-380, 

450, 455, 463, 469, 473 
Xanthisma, 343 
Xenopus, 148, 237 

X-inactivation, 134-137; and LINEs, 293 
X K , 62-73, 75, 76, 77, 78, 172, 326, 450, 455, 

462, 463 

Y* (feminizing Y), 78, 81-82, 88-90, 470 
Y K , 73-77, 78,217 

Zaprionus, 268 

Zea. See Taxonomic Index 

Zygosaccharomyces, 213 

Zygotic control of development, 55, 389 
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